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Plant growth regulators are synthetic compounds that influence plant growth and
development and can increase growth, yield, and nutritive value of food crops. Research
in the past has shown that a class of plant growth regulators known collectively as
substituted tertiary amines have the potential to increase crop productivity,
photosynthetic efficiency, and overall plant vigor. However, earlier efficacy studies that
involved spraying plants were sometimes inconsistent or showed only minimal benefits.
A new delivery method involving seed application of tertiary amines before sowing has
shown promise in field trials for multiple crop species (US patent 9464283) (Yokoyama,
Chan, Oyama, & Hov, 2015). The goal of this study is to determine how the seed
treatment with 2-(N-methylbenzylaminoethyl)-3-methylbutanoate (BMVE) affects plant
growth and productivity. To link the effect of BMVE with plant phenotype, precise
temporal changes in wheat growth were measured by using high-throughput phenotyping
in a controlled environment. During these experiments, it was also determined whether
BMVE is beneficial under drought conditions. A classical phenotyping approach was also
followed to evaluate the effect of BMVE on early growth stages of wheat. Additionally,
transcriptome analysis was done to identify differential gene expression in response to

BMVE in Arabidopsis. An Arabidopsis mutant conferring reduced sensitivity to BMVE
was characterized and used to map the resistant locus. These experiments were aimed at
deciphering the mode of action and regulatory pathway of BMVE, which have been
unclear so far.

ACKNOWLEDGEMENT
It is my pleasure to thank all those who made this research possible.
I have been privileged to work with the best advisor, graduate committee members,
and all the intellectual people who keep inspiring and assisting me during the hard times.
◆ Firstly, I would like to thank my parents (Grandfather, mother, cousin
brothers/sisters, and relatives) who always encouraged me to stay focused and
work hard. Their belief in me had enabled me to grasp the opportunity of pursuing
a career at a place which is about 7500 miles away from the hometown. I would
like to pay utmost gratitude to my younger brother ‘Sukhvir’ who never let me
worry about the problems being faced by our parents back in Punjab, India.
◆ I would like to thank one of the best mentor, teacher and advisor, Prof. Paul E.
Staswick for his generous teachings, wonderful suggestions, great ideas,
unmatchable patience, friendly support and humble nature. I learned a lot from
him both professionally and socially. Above the all, his own interest in extra cocurricular activities always motivated me to participate in extra co-curricular
activities besides the science, and thus, contribute to my overall development. The
door to Prof. Staswick’s office was always open for me whenever I ran into a
problem or had question about my research or writing. I feel lucky to be his
student and wish to learn more and more from his expertise in the near future.
◆ I would like to thank Dr. Chris Peterson, President and Director of Research,
and John Eastin, Founder and Chairman, Kamterter Products, L.L.C for
believing in me and providing funding for this research project.

◆ I would like to thank my committee members Dr. Harkamal Walia and Dr.
Brian Waters for being very friendly and advising me with the valuable
suggestions for research project whenever it was needed.
◆ I would like to thank my undergraduate mentors Dr. Navraj Kaur (Plant
Breeder), Dr. Darshan Singh Brar (Former Head of Plant Breeding, Genetics,
and Biotechnology Divison, IRRI, Philippines), and Dr. Harmanjit Singh
Dhadli (Soil scientist) for their guidance and encouragement.
◆ Special thanks to our Lab Technologist, Dr. Martha Rowe for her patient
teaching and guidance. Being very humble, she always helped me out through the
daily obstacles. I learned a lot of skills and techniques from her that would be
highly useful in my career as a scientist.
◆ In the end, I would like to thank all my close friends from Lincoln, Nebraska,
United States and Punjab Agricultural University, Punjab, India for their
appreciation and consolation during hard times, especially, Balpreet Kaur Dhatt,
Dr. Puneet Paul, Meetpal Singh Kukal, Sahil Sharma, Harsimran Kaur,
Pawanpuneet Kaur, Ravinderjit Singh Panag, Dharamveer Singh Gill, and
Abhishek Kamboj.

TABLE OF CONTENTS

Acknowledgement .............................................................................................................. 4
Table of Contents ................................................................................................................ 6
List of Figures ..................................................................................................................... 9
List of Tables .................................................................................................................... 12
Chapter 1: Introduction ....................................................................................................... 1
1.1 References ................................................................................................................... 11
Chapter 2: Phenotypic Analysis Of The Effects Of BMVE Wheat Seed Treatment ........ 17
2.1. Introduction ............................................................................................................ 17
2.2. Material and Methods ............................................................................................ 21
2.2.1. BMVE Treatment Of Wheat Seeds................................................................. 21
2.2.2. Field Capacity ................................................................................................. 22
2.2.3. Imaging ........................................................................................................... 23
2.2.4. 3-D Modeling Of Spikes ................................................................................. 24
2.2.5. Manual Phenotyping ....................................................................................... 29
2.2.6. Statistical Analysis .......................................................................................... 30
2.3. Results .................................................................................................................... 30
2.3.1. High-Throughput Phenotyping ....................................................................... 30
2.3.2. Classical Phenotyping ..................................................................................... 42

2.4. Discussion .............................................................................................................. 45
2.5. Future Research And Conclusion .......................................................................... 49
2.6. References .............................................................................................................. 49
Chapter 3: The Molecular Activity Of BMVE, A Tertiary Amine Plant Growth Regulator
........................................................................................................................................... 53
3.1. Introduction ............................................................................................................ 53
3.2. Material and Methods ............................................................................................ 54
3.2.1 Plant Material and Growth Conditions ............................................................ 54
3.2.2 Bmvr1 Gene Mapping ...................................................................................... 55
3.2.3 DNA Extraction ............................................................................................... 56
3.2.4 RNA Extraction For RNA-seq and qPCR ....................................................... 57
3.2.5 Tissue Collection For RNA-seq And qPCR .................................................... 58
3.3. Results .................................................................................................................... 59
3.3.1 Effect Of BMVE On Primary Root Growth .................................................... 59
3.3.2 Genetic Variation ............................................................................................. 60
3.3.3 BMVE Resistant Mutant Analysis ................................................................... 62
3.3.4 Mapping Of The Mutant Locus ....................................................................... 64
3.3.5 Transcriptomics................................................................................................ 68
3.4. Discussion .............................................................................................................. 80
3.5 Future Research And Conclusion ........................................................................... 87

3.6. References .............................................................................................................. 88
Appendix I ........................................................................................................................ 91
Appendix II ....................................................................................................................... 94
Appendix III ...................................................................................................................... 98
Appendix IV...................................................................................................................... 99

LIST OF FIGURES
Figure 2.1. Wheat plants growing on the belt in the high-throughput phenotyping facility
........................................................................................................................................... 23
Figure 2.2. Images taken by RGB camera from five different angles 72⁰, 144⁰, 216⁰, 288⁰,
and 360⁰ respectively at high-throughput phenotyping facility. ....................................... 24
Figure 2.3. Camera Set-up ................................................................................................ 25
Figure 2.4. Key-points and matches.. ............................................................................... 26
Figure 2.5. A dense point cloud ........................................................................................ 27
Figure 2.6. Mesh of a spike. ............................................................................................. 27
Figure 2.7. Image processing to extract green pixels. ...................................................... 29
Figure 2.8. Projected shoot area for the BMVE treated plants vs. control plants growing
in water-limited (30% F.C.) and well-watered (80% F.C.) conditions (Experiment 1). .. 32
Figure 2.9. The temporal trend for wheat PSA values in well-watered (80% F.C.)
condition throughout the imaging days (15 days) (Experiment 1). .................................. 33
Figure 2.10. The temporal trend for wheat PSA values in water-limited (30% F.C.)
condition throughout the imaging days (15 days) (Experiment 1). .................................. 33
Figure 2.11. Projected shoot area for the BMVE treated plants vs. control plants growing
in water-limited (45% F.C.) and well-watered (75% F.C.) conditions (Experiment 2). .. 36
Figure 2.12. The temporal trend for wheat PSA values in water-limited (45% F.C.)
condition (Experiment 2). ................................................................................................. 37
Figure 2.13. Temporal trend for wheat PSA values in well-watered (75% F.C.) condition
(Experiment 2). ................................................................................................................. 37

Figure 2.14. Average grain yield for the plants growing in moderate drought condition
(45% F.C.) and well-watered condition (75% F.C.) during early vegetative growth stages.
........................................................................................................................................... 39
Figure 2.15. Average number of spikes for the plants. ..................................................... 40
Figure 2.16. Average weight of the 1000 grains for the BMVE-treated and control plants.
........................................................................................................................................... 41
Figure 2.17. Average number of seeds for BMVE-treated the plants growing in moderate
drought condition (45% F.C.) and well-watered condition (75% F.C.). .......................... 41
Figure 2.18. Average surface area for the main spike of BMVE-treated plants growing in
moderate drought condition (45% F.C.) and well-watered condition (75% F.C.)............ 42
Figure 2.19. Dry weight measured 20 and 30 days after transplanting the wheat seeds
treated with BMVE in the pots along with their control counterparts. ............................. 43
Figure 2.20. Growth parameters for three wheat varieties measured 30 days after
transplanting the wheat seedlings. .................................................................................... 44
Figure 3.1. Response for seedling primary root inhibition by BMVE.............................. 60
Figure 3.2. Seedling root length of Arabidopsis ecotypes. Growth was for 12 days on
control medium or 25µM BMVE. .................................................................................... 61
Figure 3.3. Relative root inhibition for BMVE treated Arabidopsis ecotypes. Values for
treated samples are shown as the ratio of treated length to control length. ...................... 62
Figure 3.4. Root growth of Col-0 (Wild-type) and bmvr1 homozygous seedlings on
control or 25 µM BMVE media plates. ............................................................................ 63
Figure 3.5. Difference of primary root length between Col-0 ecotype and bmvr1 at 12 d
after sowing ....................................................................................................................... 63

Figure 3.6. The 26 CAPS and 10 SSLP markers were utilized on 5 chromosomes in
Arabidopsis. ...................................................................................................................... 66
Figure 3.7. Pat1 CAPS marker shows bias for the mutant genotype in a bulked pool of
110 mutant F2 seedlings ................................................................................................... 67
Figure 3.8. SSLP markers, JS 5-11, JS 5-12, JS 5-13, and PS 2-2 tested on F1 and bulked
pool of 110 mutant F2 long rooted seedlings and 40 mutant F2 short rooted seedlings. . 68
Figure 3.9. Number of transcripts changed in Col-0 ecotype of Arabidopsis due to the
effect of BMVE. Transcript differences of > 2 fold with p-value < 0.01 were used for the
analysis. ............................................................................................................................ 69
Figure 3.10. Shows the transcripts in different classes of genes that were either up or
down-regulated (>2 fold change)………………………………………………………...70
Figure 3.11. The Venn diagram represents the genes differentially expressed exclusively
in either the root and leaf tissue or in both........................................................................ 72
Figure 3.12. Shows the changed transcripts in different classes of genes expressing in
roots (Either up or down-regulated with >2 fold change, p-value <0.001). ..................... 73
Figure 3.13. Transcripts changed by BMVE in root tissue of Col-0. Transcript differences
with p-value < 0.001 and >10 fold change were included in the analysis. ....................... 74
Figure 3.14. The graphs a, b, and c shows the down-regulating genes being tested for 0, 1,
2, 4 and 6 days old Arabidopsis seedlings growing in BMVE. ........................................ 79

LIST OF TABLES
Table 2.1. Least square mean values of the Projected Shoot Area for day 15.................. 31
Table 2.2. Least square mean values of the Projected Shoot Area when averaged over all
days. .................................................................................................................................. 31
Table 2.3. Least square mean values of the Projected Shoot Area for day 22.................. 35
Table 2.4. Least square mean values of the Projected Shoot Area when averaged over all
days. .................................................................................................................................. 35
Table 3.1. Root genes exhibiting >10 fold up-regulation due to the effect of BMVE. .... 75
Table 3.2. Root genes exhibiting >10 fold down-regulation due to the effect of BMVE. 76
Table 3.3. List of the genes for validating the transcriptome results with the help of
qPCR. ................................................................................................................................ 78

1

CHAPTER 1: INTRODUCTION
Despite scientific and technological advances in the 21st century, the world still
faces great challenges, one of the most important being global food security. Food
security is the condition in which people have access to a sufficient amount of calories,
according to the National Health Service (NHS, UK). However, currently about one in
seven individuals lack a proper diet and are suffering from malnutrition and population is
increasing day by day, estimated to reach about 9 billion by 2050 (Godfray et al., 2010).
We are facing shortages of natural resources like cultivable land, water, fuel, etc. and
rapid urbanization puts pressure on available cultivable land, fresh water and other useful
natural resources. Moreover, there is not much additional land available that could be
made cultivable to assure more crop productivity. So we should come up with strategies
where we can substantially increase food production while using the land and all other
natural resources sustainably. Food insecurity will worsen if proper strategies are not
utilized to meet future food demands.
At the farmer’s level, certain pesticides, insecticides and fungicides have
successfully been used to ameliorate the stress conditions posed by various biotic and
abiotic factors. The U.S. Environmental Protection Agency (EPA) is responsible for
regulating the production of pesticides, insecticides, and fungicides. According to the
2012 census, the U.S. alone had spent 9 billion U.S. dollars on the production of
pesticides, while this value totaled 12 billion U.S. dollars at the user level (Epa et al.,
2017). The same report mentioned that about 56 billion US dollars were spent globally on
pesticides at the producer level. This information highlights the role of insects and pests
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in limiting crop production. Other abiotic factors and changing climates are also
contributing to limitations in crop yield. In the last three decades, world-wide wheat
production is estimated to have been reduced by 5.5% due to changed climatic conditions
(Lobell et al., 1980; Lobell et al., 2012). Since the beginning of the 19th century and till
it’s end, the chronic drought prone areas around the world have increased from 16% to
40% (Q. Wang et al., 2014). Although, the drought events account for only 5% of the
total natural disasters combined but the losses due to former can reach up to 30% (He,
Lü, Wu, Zhao, & Liu, 2011; Q. Wang et al., 2014). Among all the sectors, agriculture is
the one which suffers most due to the prevalent drought worldwide (Q. Wang et al.,
2014). Additionally, salinity is also among the major factors faced by the agriculture
world-wide. According to one estimate, about 15% of cultivable lands are affected by
excessive salinity whereas alkaline soils cover the 30% of earth’s area (Chen & Barak,
1982; Waters, Amundsen, & Graef, 2018). Therefore, it is highly important to develop
such technologies that can enable the crops to withstand various biotic and abiotic
factors.
Several approaches can be used to alleviate the problems mentioned above. Plant
breeders around the world are exploiting breeding techniques to develop tolerant
varieties. But bottlenecks are continuously being faced, such as complexities of tolerance
traits to be dissected, lack of efficient selection criteria, and most importantly, time
consuming and labor demanding procedures (Ashraf & McNeilly, 2004; Munns & Tester,
2008). There are several other approaches that can be used in conjunction with breeding
strategies. For instance, genetically modified crops can be developed with genes capable
of tolerating adverse conditions, but again, this is costly and a satisfactory knowledge of
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stress-associated metabolism in crops is still a major gap in our understanding (Vinocur
& Altman, 2005). Nevertheless, the development of genetically modified crops have
contributed towards introgression of the several desirable traits in crops, but limited
progress has been made yet. A third option is the field application of plant hormones or
synthetic plant growth regulators to enhance or protect crops during their growth. Many
plant growth regulators are known to mimic the activity of plant hormones. Others inhibit
or modify hormone response pathways, or they may work via biochemical pathways not
directly related to hormones.
Plant hormones are the endogenous chemical substances that regulate the growth
and development of plants, as well as signal a wide variety of defense responses (Jung et
al., 1975). One key function of plant hormones is to facilitate intercellular
communication by acting as chemical messengers (Davies, 2010). Plant hormones are
naturally synthesized in certain plant parts. Their activity mechanism is quite variable,
and they can act either at their site of synthesis or they can be transported to another
location in plants (Davies, 2010). Additionally, they are effective at very low
concentrations. Auxins, cytokinins, gibberellins, abscisic acid, and ethylene were the five
original categories of plant hormones (Jung et al., 1975; Davies, 2010). More recently
additional hormones have been identified including jasmonates, salicylic acid,
brassinosteroids, strigolactones and a wide variety of peptides (Davies, 2010).
Auxin was the first discovered plant hormone and it stimulates cell elongation,
tropism responses, root initiation, and apical dominance, among other things (Davies,
2010). Indole-3-acetic acid (IAA) is the principal auxin produced by plants. Gibberellins
are biosynthesized in chloroplasts and their major functions in plants include regulating
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stem growth, bolting in long day plants, breaking of seed dormancy, and enzyme
production during germination (Davies, 2010). Cytokinins (CK) facilitate cell division,
whereas other important roles involve morphogenesis, growth of lateral buds, leaf
expansion, and chloroplast development etc. (Davies, 2010). Elevated CK levels during
stress conditions help prevent premature leaf senescence through crosstalk with other
development and stress hormones (Davies, 2010; O’Brien and Benková, 2013), and they
aid phloem unloading, enhancing grain filling rate, which is especially important in
water deficit conditions. Abscisic acid (ABA) is well known for its role under water
deficit by controlling stomatal closure, and it also regulates shoot growth inhibition,
controls seed dormancy, and induces seed storage protein synthesis (Davies, 2010). ABA
also induces aquaporin-related root and shoot water hydraulic activity to improve soil
moisture absorption and plant water distribution (Wilkinson, Kudoyarova, Veselov,
Arkhipova, & Davies, 2012). The gas ethylene (C2H4) is considered a ripening hormone,
and it is produced in plant tissues in response to various stress responses, including insect
and pathogen defense (Davies, 2010). Jasmonates (JAs) are widely recognized for their
role in regulating plant defense responses against various biotic and abiotic stresses
(Staswick et al., 1992), including some pathogens and insects. They also regulate
reproductive development in various ways depending on plant species, and inhibit plant
growth during biotic defense response. (Turner, Ellis, & Devoto, 2002). The role of
salicylic acid is primarily in plant immune responses by mediating defense signaling (An
& Mou, 2011).
The term “plant growth regulator” is broader than hormone in that it also includes a
wide variety of synthetic compounds applied exogenously to alter the growth and
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development of plants (Fishel, 2006; Davies, 2010). Many of the synthetic compounds
that have been developed to date mimic hormone activity, while others act by other
mechanisms. The application of plant growth regulators at very low concentrations may
increase the growth, yield, and nutritive value or other qualities of food crops. However,
the most widespread use of synthetic hormones is to eliminate unwanted vegetation. The
revolution in chemical weed control occurred when a plant growth regulator, known as
the synthetic auxin herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was discovered
during the mid-1920s (Quastel, 1950; Davies, 2010). It is now used in more than 100
countries as a herbicide against broad leaf weed plants in cultivated agriculture, in pasture
and rangelands, forest management, home, garden, and to control aquatic vegetation as
well. By decreasing the competition between crop plants and weeds after selectively
killing the weeds, the usage of 2,4-D leads to better crop growth and development.
Other synthetic auxins, such as α-naphthaleneacetic acid (NAA) and indole butyric
acid (IBA) induce similar physiological responses as natural auxins (Lopez-Lauri, 2016).
As their well-known properties on organogenesis are evident, NAA and IBA have been
used to stimulate root initiation and differentiation during vegetative propagation from
stem and leaf cutting (Lopez-Lauri, 2016). Application of synthetic auxins is also used to
induce flower and fruit thinning to avoid the biennial bearing in tree fruit which
ultimately results in the production of higher fruit size (Siddiqui, Zavala, & Hwang,
2016). Synthetic auxins are also used to induce parthenocarpic fruits in tomato and
grapes, and inhibit pre-harvest fruit drop in mango, citrus, and chilies by inhibiting the
formation of abscission layer (Lopez-Lauri, 2016). These synthetic auxins can also be
used as post-harvest treatments to alleviate the effect of various biotic stresses on fruits
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and vegetables (Lopez-Lauri, 2016). For example, the application of 2,4-D reduces the
chilling injury in mango fruits by increasing the abscisic acid (ABA) and gibberellic acid
(GA) levels along with antioxidant defenses (Aguiar et al., 2011); Naphthalene acetic
acid (NAA) treated Chilean strawberry fruits show delay in fruit ripening without
affecting the fruit firmness (Figueroa et al., 2012). All the synthetic auxins discussed
above mimic the activity of natural auxins when used at a specific concentration.
Along with plant growth regulators that show the activities analogous to plant
hormones, researchers have found other PGR compounds that follow unique regulatory
pathways (Van Pelt, 2007). Many herbicidal compounds exhibit plant-regulating effects
such as growth stimulation when used at low rates of application (Halmann, 1990). The
use of these types of plant growth regulators enables rapid changes in the phenotype of
perennial plants, and thus, produces desirable results for horticulturists in a short season.
A 10 to 15% grain yield increase has been reported in corn when the plant growth
regulator Dinoseb (2-sec-butyl-4, 6-dinitrophenol) was used at the rate of 6-50 grams per
hectare during early vegetative growth stages. Halmann (1990) also mentioned a
compound ‘Morphactin’ that has been used to stimulate fruit setting in pickling cucumber
without pollination, resulting in small seedless fruits convenient for mechanical
harvesting. In soybean the application of Morphactin resulted in increased number of
pods but at the same time seed weight was decreased, resulting in no net change in yield.
Plant growth regulators have also been widely used in sugarcane production. For
example, ‘Diquat’ has been used to prevent photoperiodically controlled flowering and
‘Ethepon’ or ‘Glyphosine’ to control ripening in sugarcane (Morgan, 1980).
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Research over the last three or four decades has indicated that a class of plant
growth regulators known collectively as substituted tertiary amines (STAs) also have the
potential to increase crop productivity by increasing root growth, photosynthetic
efficiency, and overall plant vigor (Keithly et al., 1990; Keithly and Yokoyama, 1992;
Van Pelt, 2007; Qi et al., 2013). It has been suggested that the mode of action of STA
compounds is markedly different from those of plant hormone analogs (Gausman, 1991;
Van Pelt, 2007). Studies showed a positive yield effect for application of 2-(3,4dichlorophenoxy) trimethylamine (DCPTA) to tomato (J. H. Keithly et al., 1990), and a
promotive effect on seedling development and growth of radish (J. Keithly & Yokoyama,
1992). Pre-treatment of tomato (Lycopersicon esculentum) seeds with DCPTA (30 µM)
results in significantly increased mean relative growth of leaves, stems, and roots by
37%, 16%, and 20%, respectively, along with increased fruit-yield in mature plants (J. H.
Keithly et al., 1990). The main factors responsible for this yield increment were an
increase in total fruit number per plant, along with the size of individual fruits.
In another study conducted with radish (Raphanus sativus) to determine the
promotive effect of DCPTA, it was concluded that seed treatment with 30 µM DCPTA
resulted in significantly enhanced rates of root and hypocotyl elongation along with
seedling dry weight (J. Keithly & Yokoyama, 1992). The harvested taproot yield and
harvest index of the DCPTA treated plant were increased by 109% and 38%,
respectively, where significant linear correlation (r = 0.83) was achieved between
enhanced hypocotyl development and increased taproot yield of mature plants. Van Pelt
(2007) revealed that the foliar application of DCPTA and diethyl-2-(4-methylbenzoxy)
ethylamine (MBTA) during the two true leaf stage of paprika (Capsicum annuum L.)
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seedlings resulted not only in increased yield but also in fruit pigment content that was
significantly improved. Wang et al. (2016) recently showed that DCPTA application on
corn increases plant growth but the resulting stem elongation increased lodging in field
and decreased yield. Another plant growth regulator, CCC (2-chloroethyltrimethylammonium chloride), is antagonistic to gibberellic acid and inhibits stem elongation.
Combined together, DCPTA and CCC sprayed at the corn seedling stage ameliorated the
problem of lodging by reducing the stem elongation, and resulted in increased yield (Y.
Wang et al., 2016).
Foliar spray of another tertiary amine, N-N-diethyl-2-(4-methylbenzyloxy)
ethylamine hydrochloride (Ecolyst), developed by USDA and Tropicana, increases
soluble solid content (SCC) from 0.6% to 1.6% in juice oranges, when applied at prebloom stage (Davies et al., 1991; Campbell et al., 1999). Another recent study conducted
by (Qi et al., 2013) on a tertiary amine compound, diethyl amino ethyl hexanoate
(DTA6), investigated the effect of its exogenous application on plant growth, gas
exchange, PSII photochemistry, and phytohormone in corn and soybean seedlings. DTA6
is widely used in horticultural, forest, and field crops either alone or in combination with
herbicides, fungicides or fertilizers (Qi et al., 2013). Qi et al. (2013) found that the foliar
treatment of DTA6 on the canopy of corn and soybean plants at V3 stage with a handheld aerosol propelled sprayer results in increased plant height, root length, leaf area, dry
matter accumulation, root to shoot ratio, along with improved ribulose-1,5-bisphosphate
carboxylase oxygenase (Rubisco) & phosphoenolpyruvate carboxylase (PEPCase)
activity, higher chlorophyll content, and increased photosynthetic rate. The results
indicated that increased chlorophyll content and photosynthetic rate due to the DTA6
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treatment are consistent with those found with the application of DCPTA on radish,
spinach, and tomato (J. H. Keithly et al., 1990; J. Keithly & Yokoyama, 1992). The
application of DTA6 increased CO2 assimilation rate in corn and soybean seedlings as the
plants exhibited higher Fv/Fm values than controls and ultimately an improved
photosynthetic apparatus. DTA6 treatment produced the maximum quantum efficiency of
PS II photochemistry (Foyer et al., 1990; Qi et al., 2013). As a result, the photochemical
quenching coefficient (qP) was increased due to the DTA6 application which led to more
excitation energy use for electron transport and more ATP supplied for CO2 assimilation.
All these factors are required for a high photosynthetic rate. Additionally, the other factor
responsible for higher photosynthetic rate was the increased activity of enzymes, Rubisco
and PEPCase, as a result of enhanced IAA, ZR (Zeatin Riboside), GA levels and
decreased ABA levels due to DTA6 treatment.
Despite these examples of positive effects of substituted tertiary amine plant growth
regulators other field studies, primarily using DCTPA, have shown only very small gains
in yield or no positive benefit at all. Therefore, most substituted tertiary amines have not
been widely commercially adopted as a way to increase yield. The reason for these
discrepancies is not known, but could be related to differential plant response under
certain environmental conditions, or to variation in cultivar/genotype response to tertiary
amines.
Nonetheless, the above described findings on potential benefits of STAs led to
investigations on the efficacy of a newly registered tertiary amine plant growth regulator,
BMVE (2-(N-Methyl benzyl aminoethyl)-3-methyl butanoate). The promising results of
seed treatments involving other tertiary amine plant growth regulators (Jung et al., 1975;
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Hayman and Yokoyama, 1990; Keithly et al., 1990; Keithly and Yokoyama, 1992;
Ashraf and Foolad, 2005; Van Pelt, 2007; Qi et al., 2013; Banerjee et al., 2014; Yan,
2015; Wang et al., 2016), led to exploration of the possibility of incorporating BMVE
treatment into other seed treatments that include seed priming and coating along with
fungicides and other PGRs before sowing. Seed treatment with BMVE reportedly
increases plant growth and yield in multiple crop species (US9464283B2, Kamtec LLC)
(Yokoyama et al., 2015).
Most field research on STAs to date has focused on yield and physiological
parameters after spraying compounds on growing plants. Essentially no research has
investigated how STAs act at the molecular level, which genes are affected and whether
or not they act through hormonal signaling pathways. Furthermore, for BMVE there
appears to be no other previously published studies on its physiological effects in plants.
In this study transcriptome analysis following BMVE treatment was done to identify
genes responsive to the compound. An Arabidopsis BMVE response mutant was also
characterized and gene mapping was done. Similar protocols have been widely
successful in identifying plant hormonal signaling mechanisms, and how plants respond
to a wide variety of other chemical and environmental stimulants. Identification of the
mutant gene could bring the role of BMVE in plants into the light. To better understand
how and when plants respond to seed treatment with BMVE wheat was also studied for a
variety of growth and yield parameters under greenhouse conditions, including the use of
daily plant imaging to monitor growth.
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CHAPTER 2: PHENOTYPIC ANALYSIS OF THE
EFFECTS OF BMVE WHEAT SEED TREATMENT
2.1. INTRODUCTION
Plant growth is the result of many dynamic processes that occur inside the plant.
Plants convert carbon dioxide and water into carbohydrates in the presence of sunlight
via a process known as photosynthesis, which results in the deposition of photoassimilates at distinct locations in plants. In favorable conditions, plants exhibit very
smooth and rapid growth, whereas, in stress conditions or unfavorable environmental
conditions, plants tend to follow certain escape strategies enabling them to successfully
reproduce and produce seeds in spite of the effects of the adverse conditions (Rizhsky et
al., 2004; Suzuki et al., 2014). In order to understand the mechanism underlying these
escape strategies, it is necessary to keenly observe plant growth. The most common way
to do this is by manual non-destructive measurement of various parameters during growth
and development of plants, as well as endpoint measurements such as biomass and seed
yield. During the past decade or so, automated methods to monitor growth have been
developed. These methods eliminate the need of devoting ample amount of time and
manual labor on data collection while being highly precise and efficient at the same time.
Primary among these is imaging of plants on successive days, followed by the processing
of image data to give quantitative estimates of biomass and other parameters over time.
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The term plant growth regulators represents a broader class of chemicals than plant
hormones, including a wide variety of synthetic compounds applied exogenously to alter
the growth and development of plants (Fishel, 2006; Davies, 2010). Their application at
very low concentrations may increase the growth, yield, and nutritive value or other
qualities of food crops. Many of these synthetic compounds mimic hormone activity,
while others act by other mechanisms. The compounds that mimic hormone activity are
usually synthetic versions of endogenous plant hormones such as 2,4dichlorophenoxyacetic acid (2,4-D), α-naphthaleneacetic acid (NAA) and indole butyric
acid (IBA) etc. Along with these compounds, researchers have also found other plant
growth regulators that follow unique regulatory pathways (Van Pelt, 2007). Many
herbicidal compounds exhibit plant-regulating effects such as growth stimulation when
used at low rates of application (Halmann, 1990). Further, research has shown that a subclass of plant growth regulators known collectively as ‘substituted tertiary amines (STA)’
also has the potential to increase crop growth and productivity (Keithly et al., 1990;
Keithly and Yokoyama, 1992; Van Pelt, 2007; Qi et al., 2013).
Numerous studies have reported the positive effects of the application of these STA
compounds on agriculturally and horticulturally important crops. In one study, the growth
and photosynthesis indexes for maize seedlings at the three-leaf stage treated with a
hydroponic solution containing 2-(3,4-dichlorophenoxy)trimethylamine (DCPTA) were
investigated in drought conditions (Xie et al., 2017). Measuring the parameters like fresh
weight, dry weight, leaf area, gaseous exchange and relative leaf water content after
seven days of treatment it was concluded that exogenous DCPTA application ameliorates
the adverse effect of drought conditions by improving the growth and photosynthetic
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efficiency of maize seedlings (Xie et al., 2017). Similarly, the effect of foliar application
of diethyl aminoethyl hexanoate (DTA6) on corn and soybean at the V3 stage was
determined, and it was concluded that the treatment resulted in increased plant height,
root length, leaf areas and dry matter, along with improved root to shoot ratio (Qi et al.,
2013). Similarly, the treatment of guayule (Parthenium argentatum) seeds with DCPTA
resulted in increased germination rate along with better survival rate under water-limiting
conditions (Hayman and Yokoyama, 1990). Radish seeds treated with DCPTA resulted in
increased growth and development and it had been reported that harvestable taproot yield
and harvest index of treated plants increased 109% and 38%, respectively, as compared
with controls (Keithly and Yokoyama, 1992). Although numerous studies have been
conducted to decipher the effect of STAs on crop growth, development, stand
establishment and yield, less work has been done to investigate what specific phenotypic
components are linked with their effect on plant performance in a temporal trend (Keithly
et al., 1990; Xu and Taylor, 1992; Kasele et al., 1994; d’Andria et al., 1997; Campbell,
1999; Ahmed and Jama, 2007; Van Pelt, 2007; Zhang et al., 2017). This type of data
could be valuable in understanding how STAs work during plant development.
Most studies on PGRs have used manual phenotyping methods, which can be
subject to human error, are labor intensive and costly if repeated measurements are
desired. The destructive nature of physical biomass measurements also makes it difficult
to trace spatiotemporal growth patterns. Small changes early in development may be hard
to detect by manual methods, but identifying early effects may give clues about how the
compounds are acting at the physiological and molecular level. These bottlenecks in
understanding plant dynamics can be reduced by using phenomics, which is a study of
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plant growth, performance, and composition, aided by high-throughput automated
phenotyping tools to sieve hundreds of plants for a particular trait without damaging the
plants (Furbank and Tester, 2011).
The high-throughput phenotyping platform at the University of Nebraska-Lincoln
provides the opportunity to potentially identify temporal effects of PGRS in general, and
specifically in this study STAs. Phenotyping is carried out by high-resolution automated
cameras to capture images in real time from different angles. Pixel counts for plant
images can be associated with biomass and other phenotypic parameters, allowing easy
and reliable monitoring of growth in response to a particular condition. Combining
physical measurements with imaging analysis can provide a comprehensive view of how
plants are affected by specific treatments.
In this research, the STA tested was BMVE (2-(N-Methyl benzyl aminoethyl)-3methyl butanoate), which reportedly gives small increases in seed yield in multiple crop
species, including wheat (US9464283B2, Kamtec LLC) (Yokoyama et al., 2015).
However, parameters other than yield have not been carefully evaluated for BMVE, and
the biological mechanism of activity for BMVE and other tertiary amines remains
unknown. The effect of BMVE wheat seed treatment on growth parameters including
biomass, leaf number, tiller number, leaf area and shoot area and grain yield were
determined here. High-throughput imaging was also used to establish whether this
method could identify subtle growth differences early in plant development that could
help to explain the reported enhanced yield in field studies resulting from seed treatment.
The ultimate goal of this work was to provide clues about how BMVE might work at the
physiological level.
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2.2. MATERIAL AND METHODS
High-throughput (HT) phenotyping and classical manual phenotyping approaches
were used to evaluate the effect of BMVE on wheat growth. Two HT experiments with
wheat variety ‘Pavon’ and two water conditions well-watered (WW) and water-limited
(WL), were conducted at the HT phenotyping facility (Innovation Campus, University of
Nebraska, Lincoln) in June 2017 and November 2017. The design of these experiments
was comprised of two seed treatments (BMVE vs Control), two water treatments (WW
and WL) and six replications per treatment respectively. In total 24 pots of individual
wheat plants were used for each experiment.

2.2.1. BMVE TREATMENT OF WHEAT SEEDS
BMVE was applied to seeds according to the concentration previously tested by
Kamtec LLC (i.e. 0.35 to 1.75 mg/lb seed, equivalent to about 0.023 µg to 0.117 µg/
wheat seed). The BMVE was added to 2% PVA (Poly Vinyl Alcohol) solution in water
and applied at the rate of 6 ml/lb of seed. The concentration used here was 1 mg BMVE
in 6 ml PVA/lb seed, which equates to 0.664 mM BMVE. Control seeds were treated
with the same volume of 100% ethanol (BMVE is prepared as a concentrated stock in
ethanol) in PVA solution.10g of wheat seed was briefly vortexed with 133 µl of the
PVA-BMVE or control solution, followed by open-air drying for 30-45 minutes. Nonsterilized Seeds were germinated in Fisher brand 100 mM x 15 mM polystyrene petri
dishes that contained wet thick sheets of paper. Dishes were kept in dark for five days at
room temperature until 100% germination was achieved.
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Seedlings exhibiting uniform growth were selected and transplanted to pots. In highthroughput phenotyping experiments transplants were grown seven days to attain the
desired soil water-conditions. Imaging began on the eighth day.

2.2.2. FIELD CAPACITY
Medium sized, height (20 cm) and diameter (12.5 cm) were used to grow wheat
plants and it was required to calculate the field capacity (FC) according to the amount of
soil contained in the pots. Randomly selected pots were used to determine the required
weight at a particular FC. After adjusting the weight of pots upon filling the same amount
of soil, the soil was transferred into pans and dried at 105⁰C for 48 hours to remove the
water. Dry weight was measured followed by saturation of the soil by adding water every
12 hr. After three days average weight of wet soil was measured, which was the weight
at 100% FC. Fresh soil weight, dry soil weight, and weight at 100% FC was used to
measure the amount of water needed to be added for a particular field capacity. These
weights were entered in the automated watering system available at phenotyping facility,
so that the desired field capacity could be maintained throughout the experiment by
adding water if needed. In this way, the weight of the pots was adjusted and maintained at
80% and 30% field FC in the first experiment and for 75% and 45% FC for second
experiment.
Equation 1. The formula for adjusting the weight of pots at a particular field capacity
(F.C.).
𝑭. 𝑪. = [(𝑺𝒐𝒊𝒍 𝒘𝒆𝒊𝒈𝒉𝒕 𝒂𝒕 𝟏𝟎𝟎% 𝑭. 𝑪. −𝑫𝒓𝒚 𝑺𝒐𝒊𝒍 𝑾𝒆𝒊𝒈𝒉𝒕) × 𝑹𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝑭. 𝑪. ] + 𝑫𝒓𝒚 𝑺𝒐𝒊𝒍 𝑾𝒆𝒊𝒈𝒉𝒕
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2.2.3. IMAGING
For high-throughput phenotyping, plants were moved into the closed chamber of the
facility by automated conveyor belt where imaging was done with high-resolution
cameras (Fig. 2.1). Imaging was done from five different angles (72⁰, 144⁰, 216⁰, 288⁰,
and 360⁰) including the top view for each plant (Fig. 2.2).

Figure 2.1. Wheat plants growing on the belt in the high -throughput phenotyping
facility

The following type of images were generated as a result:
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Figure 2.2. Images (a,b,c,d & e) represents the images taken by RGB camera fro m
five different angles 72⁰, 144⁰, 216⁰, 288⁰, and 360⁰ respectively facilitating the
growth estimation fro m all the angles.

The images were processed to extract pixel count for green tissue in each image
determining projected shoot area (PSA), a good indicator of biomass content (Golzarian
et al., 2011). A Matlab application, PhenoImage, was used to process the images.
PhenoImage application for Matlab is developed by Feiyu Zhu, a Ph.D. student of Dr.
Hongfeng Yu (U. Nebraska) for phenotyping analysis.

2.2.4. 3-D MODELING OF SPIKES
3D RECONSTRUCTION
To calculate the surface area of spikes, a camera system was used to take images
utilizing a series of image processing and 3D reconstruction algorithms to further
generate a 3D model for each spike. The work was done in association with a PhD
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student from computer science, Tian Gao, a Ph.D. student of Dr. Hongfeng Yu (U.
Nebraska). The following steps were carried out.

IMAGE ACQUISITION
In the camera system, a spike was fixed on a plasticine stand located on a turntable
that was rotating at a constant speed (Fig. 2.3). A black curtain was used as background
to which a label was attached to show the identity of the spike (Fig. 2.3). A camera was
fixed aside from the turntable, which captured one image per second. In total, there were
60 images for each spike. The camera being used was ‘SONY ILCE-α6500’.

Figure 2.3. Ca mera Set-up

KEYPOINT DETECTION AND MATCHING
While processing the images, key-points were detected as grains to build 3D models
(Fig. 2.4). The algorithm used here was ‘SIFT: Scale-invariant feature transform’ (Lowe,
2004). Numerous key-points significantly different from their neighboring pixels were
identified and termed as the pixels. Then the detected key-points were matched between
the images taken for a spike from different angles. The similar key-points among the
images is called a track. The key-points in these images require invariance of the features
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with respect to certain transformations, such as image scale, rotation, noise and
illumination changes. By utilizing this feature of invariance, one could identify a pair of
key-points in two images as the one with different view angels, even though they might
have some slight difference in brightness.

Figure 2.4. Key-points and matches. Red points are the key points (Left), and lines
connecting matched key -points (Right).

POINT CLOUD AND MESH CONSTRUCTION
Once all the tracks were identified, the coordinates of each key-point in 3D space
were calculated to form a point cloud. The algorithm used here was ‘Bundler’ (Snavely et
al., 2006). The point cloud generated by Bundler is sparse and works just as a seed since
the number of key-points was not enough. To construct the mesh of the spike and
calculate the surface area, PMVS (Patch-based multi-view Stereo) algorithm (Furukawa
et al., 2010) was used to involve more points and generate a dense point cloud (Fig. 2.5).
It was also necessitated to separate the spike and the plasticine stand to form the dense
cloud exclusively for the spikes (Fig. 2.5). A point cloud is a set of separate points that
connect all the points to generate a mesh. Meshes are the estimation of the surface of
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spikes and composed of numerous tiny triangles. The algorithm used here was ‘Poisson
Surface Reconstruction’ (Kazhdan et al., 2013) (Fig. 2.6).

Figure 2.5. A dense point cloud.

Figure 2.6. Mesh of a spike.
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SURFACE AREA
Finally, the surface area was calculated by summing up the areas of all the triangles.
The coordinates of 3 points in each triangle were known which facilitate the area
calculation of each triangle by using Heron's formula.
S = √𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐)

Where a, b and c are lengths of 3 sides and s is the semi-perimeter of the triangle, that is,

s=

𝑎+𝑏+𝑐
2

However, the surface area is just a relative value and has no unit. This value may
change if the images are captured from a different position, and hence, cannot be
compared among different spikes. So, the mesh for the stand was also constructed, whose
real surface area was already known. After normalizing to the stand as a reference, we
have the estimation of surface area of each spike.

MATLAB PROCESSING
Whole plant images were processed to extract green pixels after masking the raw
images for highlighting only green tissue:
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Figure 2.7. Images ‘a’ and ‘b’ represent the processed images of a plant from
different angles. Image processing was done in Matlab (PhenoImage) software
where a particular mask of RGB (r>15+3 & g<150 & b>10) was applied to
extract the green tissue.

2.2.5. MANUAL PHENOTYPING
The experiment involving manual phenotyping used three wheat genotypes, two
winter wheat varieties, ‘Ruth’ and ‘Freeman’, and the spring variety ‘Pavon’. Sixteen
replications (pots) per treatment were used in this experiment along with two harvesting
time points, 20 and 30 days after transplanting into soil. Both, treated and control seeds
were provided by ‘Kamtec LLC’. Seeds were germinated and transplanted in similar
fashion as described above. During harvesting, leaf, tiller, and spike numbers were
counted manually and recorded. Leaf area and shoot area were measured by benchtop
Leaf Area Meter (Li-3100C Area meter, LI-COR, Lincoln, Nebraska). Fresh weight of
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each plant was measured by table top balance, whereas dry weight was measured after
oven drying the tissue samples at 80⁰ C for a week.

2.2.6. STATISTICAL ANALYSIS
Statistical analysis was done in JMP software (A SAS application) and MS Excel
(A Microsoft application). The effect leverage for standard least squares of the projected
shoot area (PSA) computed on daily basis was analyzed by constructing ANOVA for the
model containing three factors date, water treatment (WW and WL), and seed treatment
(BMVE and control) in JMP (A SAS application) software. The differences with p-values
< 0.05 were considered significant and analyzed by Tukey HSD model. The graphical
components to all the results were added in MS Excel.

2.3. RESULTS
2.3.1. HIGH-THROUGHPUT PHENOTYPING
2.3.1.1 FIRST EXPERIMENT
To evaluate the effect of seed treatment with BMVE on growth and productivity,
precise temporal changes in wheat (var. Pavon) predicted biomass under a controlled
environment were monitored using a phenotyping platform with daily automated
imaging. This experiment with six plants per treatment showed BMVE seed treatment
significantly increased the PSA (Projected Shoot Area) values by 10.5% at the 15th day of
imaging (22 d after transplanting) in well-watered (WW) condition (Table 2.1).
Significant differences appeared on day 11, 12 and 15 (Fig. 2.9), moreover, the PSA for
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treated plants growing in WW condition was 3.7% higher when averaged over all 15 days
of imaging (Table 2.2, Fig. 2.8).
However, the PSA of treated plants grown in water-limited (WL) condition was
significantly less than the controls when averaged over the entire experiment (Table 2.2,
Fig. 2.8). The temporal trend for biomass content in water-limited conditions is shown in
Fig. 2.10. This experiment suggested that BMVE seed treatment leads to higher biomass
content only under the well-watered condition.
Table 2.1. Least square mean values of the Projected Shoot Area for day 15 .

Level

Least Square Mean

Standard Error

Percentage

WL-BMVE

3556921

142521.22

0.36% Increase

WL-Control

3544124.8

142521.22

WW-BMVE

5483501.5

159343.56

WW-Control

4962241.6

130103.47

10.5% Increase

Table 2.2. Least square mean values of the Projected Shoot Area when averaged over
all the days.

Level

Least Square Mean

Standard Error

Percentage

WL-BMVE

1639136.4

16529.824 4.25% Decrease

WL-Control

1712170.5

16529.824

WW-BMVE

2121357.6

18057.146 3.69% Increase

WW-Control

2045745.2

16857.179
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Figure 2.8. Projected shoot area for the BMVE treated plants vs. control plants
growing in water-limited (30% F.C.) and well -watered (80% F.C.) conditions
averaged over all days . ‘*’ denotes p-value < 0.01, for BMVE versus control
under each water condition. n = 6 plants per treatment, no. of imaging days =
15.
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Figure 2.9. The temporal trend for wheat PSA values in well -watered (80% F.C.)
condition throughout the imaging days (15 days).

Figure 2.10. The temporal trend for wheat PSA values in water -limited (30% F.C.)
condition throughout the imaging days (15 days).
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2.3.1.2 SECOND EXPERIMENT
One possible explanation for the lack of a positive effect of BMVE under WL
conditions in the first experiment was that the F.C. was so low that it interfered with
growth to the extent that BMVE was ineffective. Therefore, a second study with a modest
change in field capacities (i.e. 75% F.C. for well-watered and 45% F.C. for water-limited
condition), along with an extended number of imaging days (22 d) was conducted. In this
experiment, PSA increments due to BMVE seed treatment were observed in moderate
drought conditions (i.e. at 45% of field capacity). On the final day, BMVE seed treatment
significantly led to a 32.67% increase in PSA in drought conditions (Table 2.3). The
significant differences were evident by the 3rd day of imaging (10 days of growth) (Fig.
2.12). However, in contrast with the first experiment, in relatively well-watered
conditions the BMVE-treated plants actually had a lower PSA value (16.59%) (Table 2.3
& 2.4). When the biomass averaged over the entire experiment was compared, it was
observed that the BMVE seed treatment led to 20.29% increase and 14.77% decrease in
biomass content for the plants growing in moderate drought and well-watered condition,
respectively (Fig. 2.11, Table 2.4). The temporal trend for biomass content in waterlimited and well-watered conditions is shown in Fig. 2.12 and 2.13. For reasons that are
unclear, these two experiments gave opposite results for the effect of BMVE on PSA for
plants grown on WW and WL conditions.
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Table 2.3. Least square mean values of the Projected Shoot Area for day 22

Level

Least Square Mean

Standard Error

Percentage

WL-BMVE

3124741.3

293103.74

32.67% increment

WL-Control

2355267.5

358977.31

WW-BMVE

4343004.4

321079.07

WW-Control

5206937.8

293103.74

16.59% decrement

Table 2.4. Least square mean values of the Projected Shoot Area when av eraged over
all the days.

Level

Least Square Mean

Standard Error

Percentage

WL-BMVE

1378585.5

33001.636 20.29% increment

WL-Control

1145989.7

33374.548

WW-BMVE

1669102.3

33151.304 14.77% decrement

WW-Control

1957501.1

33001.636
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Figure 2.11. Projected shoot area for the BMVE treated plants vs. control plants
growing in water-limited (45% F.C.) and well -watered (75% F.C.) conditions
averaged over all days . ‘*’ denotes p-value < 0.01, where n = 6 per treatment,
no. of imaging days = 15.
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Figure 2.12. The temporal trend for wheat PSA values in water -limited (45% F.C.)
condition.

Figure 2.13. Temporal trend for wheat PSA values in well -watered (75% F.C.)
condition.
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The second imaging experiment was extended to collect additional growth data for
individual wheat plants. After imaging, plants were shifted to another greenhouse and
allowed to grow until physiological maturity was achieved. In this facility, the plants
were growing under favorable conditions, including equal irrigation, without further
imposition of a drought. Number of spikes and tillers, grain yield, grain weight and
surface area of main spike were measured.
YIELD
Fig. 2.14 shows the average yield of plants that were growing in moderate drought
condition and well-watered condition, during the early vegetative growth. The effect of
WL is evident in slightly lower yield for this treatment compared with the WW condition.
Although there was a trend toward higher seed yield from BMVE treated plants for both
water conditions, these values were not significantly different within the two water
conditions.
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Figure 2.14. Average grain yield for the plants growing in moderate drought condition
(45% F.C.) and well-watered condition (75% F.C.) respectively, during early
vegetative growth stages , where n = 9-10 plants per treatment.

SPIKE
The number of spikes was measured for each plant and Fig. 2.15 shows the average
for the plants that were initially grown under the two water conditions. These values were
non-significant increments, although the mean for BMVE treated WW plants was slightly
greater.
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Figure 2.15. Average number of spikes for the plants , where n = 9-10 per treatment.

GRAIN WEIGHT AND SEED NUMBER
Weight of 100 grains was measured for each plant and then multiplied by 10 to get
the approximate weight of 1000 grains, an appropriate parameter to deduce the weight of
grains (Eid, 2009). Fig. 2.16 shows the average grain weight for the plants, and the
values were not significantly different for BMVE treatment.
Weight of 100 grains and total yield/plant in each treatment enabled us to deduce
the number of grains harvested from each plant. Fig. 2.17 shows that the average number
of seeds for the plants was not significantly different, although the mean for BMVE
under WL was larger.
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Figure 2.16. Average weight of the 1000 grains for the BMVE-treated and control
plants, where n = 9-10 plants per treatment.

Figure 2.17. Average number of seeds for BMVE -treated the plants growing in
moderate drought condition (45% F.C.) and well -watered condition, where n =
9-10 per treatment.
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SURFACE AREA OF MAIN SPIKE
3-D models were constructed for each main spike kept aside during harvesting of the
plants to determine spike surface area. Fig. 2.18 shows the average surface area for each
treatment. The effect of BMVE was non-significant although the mean for WL treatment
was greater.

Figure 2.18. Average surface area for the main spike of BMVE -treated plants growing
in moderate drought condition (45% F.C.) and well -watered condition (75%
F.C.) respectively, during early vegetative growth stages, (n=6 ).

2.3.2. CLASSICAL PHENOTYPING
The previous experiments were limited to a single spring wheat variety and only
six plants per treatment. A third experiment involving manual phenotyping was done
with the same spring wheat variety (Pavon), and two additional winter wheats (Ruth and
Freeman). The number of plants/treatment was increased (11 to 16 pots) and data was
collected at two time-points, 20 days and 30 days after transplanting the seedlings into
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pots. The first time point showed no significant difference between control and BMVE
treatment for any parameter measured and full results for day 20 are shown in Appendix
I. Fig. 2.19 compares the effect of BMVE on shoot dry weight at both 20 and 30 days for
all three varieties. Pavon and Freeman showed no significant effect of BMVE at either
20d or 30 d. Ruth also had no difference in dry weight at 20 d, but by 30 d the BMVE
treatment showed a significant positive effect. BMVE seed treatment also resulted in a
significant increase in the fresh weight, number of tillers and leaves at 30 d for Ruth (Fig.
2.20), but not for the other two varieties. Leaf and shoot area were not different for any of
the varieties for all the three genotypes, 30 days after growth.

Figure 2.19. Shoot dry weight measured 20 (1 s t time point) and 30 (2 n d time point)
days after transplanting the wheat seeds treated with BMVE in the pots along
with their control counterparts, where p -value < 0.0085 (shown as ‘**’).
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Figure 2.20. Growth parameters for three wheat varieties me asured 30 days after
transplanting the wheat seedlings. The differences with p-value < 0.05 and
<0.01 are shown as significant ( *) and highly significant , respectively (**),
where ‘n’ for each treatment was 11 to 16 plants. Black and white bars
represent treated and control plants respectively.
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2.4. DISCUSSION
These experiments were aimed at characterizing the effect of BMVE seed
treatment on growth and yield in wheat. Initially, the spring variety Pavon was used in
two independent plant imaging experiments to follow temporal changes in estimated
biomass. Later on, a third experiment was conducted using classical phenotyping with
two additional winter wheat varieties, Ruth and Freeman. The imaging experiments also
evaluated the effect of BMVE under drought conditions, as some preliminary studies
with BMVE suggested it might help to alleviate the adverse effect of stress condition
(Kamterter, unpublished). However, the experiments reported here produced inconsistent
results. In the 1st experiment, BMVE treated plants showed significantly higher PSA
values in well-watered and less in water-limited condition (See Table 2.1 & 2.2, Fig. 2.8).
The opposite result was found in the second experiment, where treated plants produced
significantly higher PSA values in the drought treatment, but the opposite effect in wellwatered conditions (See Table 2.3 & 2.4, Fig. 2.11).
The results from the first experiment showing a positive effect only in well-watered
conditions suggested that drought stress with 30% of field capacity might be too severe
for BMVE to impart its effect. To test this, the second experiment replaced imposed a
less severe drought with 45% FC. Imaging duration was also extended to possibly discern
significant differences in PSA that only became evident later in plant development.
Interestingly, in the second experiment BMVE treated plants were showing significantly
higher PSA values by ten days after germination in water-limited condition, and
continuing until the end of the experiment.
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Unexpectedly, in the second experiment, the PSA values for BMVE treated plants
were significantly less than the untreated plants in well-watered condition. Although the
FC for this treatment in the second experiment was reduced from 80% to 75%, it seem
unlikely this would account for the opposite effect. The possible explanation behind this
inconsistency in results might be related to variable environmental factors such as a
change in humidity, radiation and prevalent outside temperature during the two different
experimental time points (June and November, when the experiments were conducted).
However, it is not clear how BMVE would have the opposite effect under the two water
treatments for plants grown at the same time. The number of replicates per imaging
treatment was only six here, which might not be enough to detect subtle differences in
plant growth. Although several field experiments done by others have shown positive
results, final yield advantage from BMVE is usually only a few percent. Seed and plant
variability among this small number of plants might not allow accurate detection of the
true effects of BMVE seed treatment. Future imaging experiments should be conducted
with a larger number of replicates to limit these possible problems.
The second experiment was extended until the plants reached the stage of
physiological maturity and grain weight, grain number, average number of spikes, leaves
and tillers, leaf and shoot area were measured. All of these parameters showed nonsignificant differences for BMVE treated plants over control plants, although there were
positive trends for some. For example, values for yield were greater for both WW and
WL conditions. This is consistent with results seen in larger-scale field trials, and a
greater number of replicates might result in significant differences under greenhouse
conditions.
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Considering the conflicting results from the first two experiments classical
phenotyping was done in a third experiment with a larger number of replicates. Two
winter wheat varieties, ‘Ruth’ and ‘Freeman’, were also included, in addition to ‘Pavon’.
There were two time points considered for measuring all these parameters, one 20 days
after transplanting the seeds into the pots and the other 30 days after transplanting. At 20
days, differences between control and treated plants were not significant, therefore only
the results at 30 days are discussed here.
Among the three varieties tested, only Ruth had significantly higher fresh and dry
shoot weight at 30 days (Fig. 2.19 & 2.20). Increased tiller and leaf number appeared to
be major factors in the greater biomass for this variety. Although non-significant here,
values obtained for average leaf and shoot area were also higher for Ruth (Fig. 2.20).
The other two wheat varieties showed only non-significant increments in leaf and shoot
area for all traits measured, suggesting there could be genotype-specificity in the
effectiveness of BMVE, at least in wheat. This needs further evaluation by testing several
additional genotypes, as it has important practical implications if BMVE seed treatment
were to be commercially developed.
It is remarkable and still puzzling how such small quantities of a compound (< 0.5
µg / seed) applied to seeds could impact plants throughout development. The fact that
Ruth displayed increased biomass at 30 days, but not at 20, suggests that a very subtle
early effect, probably during germination, is maintained and expanded to a detectible
positive effect much later in plant development. Timing of discernible effects could also
be genetically controlled, so future experiments should be conducted to plant full
maturity to assess whether positive effects are evident in a larger number of varieties.
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Another other possible explanation behind the small or inconsistent results found
here could be the pre-selection of uniform seedlings at the time of transplanting them into
pots (5 days after germination). Although, this was done to reduce the potential
confounding effects of variability among individual seeds, selection for uniformity
between control and BMVE treated seedlings may have negated positive BMVE effects
that occurred early in germination. Pre-selection of uniform seedlings does not occur in
field trials, which, along with larger numbers of plants, might account for more consistent
results in those experiments. Further experiments measuring phenotypic traits under
controlled growth environments should be conducted with a large number of seeds
directly sown into the soil after the BMVE treatment.
Recent studies have revealed that the response of plants to a treatment in
combination with a stressed environment is unique, and different from the response to
either treatment or stress applied individually (Mittler, 2006; Rizhsky, Liang, Shuman, &
Shulaev, 2004; Suzuki, Rivero, Shulaev, Blumwald, & Mittler, 2014). Thereby, a final
explanation for the limited positive effects for BMVE that were observed in these
experiments might be that the compound is most effective under growth conditions found
in the field, but not present in the greenhouse. The dynamic environment of the field with
cumulative stresses may result in a greater benefit from the BMVE treatment (Rizhsky et
al., 2004; Suzuki et al., 2014). Transcriptome experiments that identify which genes are
regulated in response to BMVE may shed light on how the compound works and under
what conditions it would be beneficial. Future studies will be aimed at determining the
mechanism of BMVE action at the molecular and physiological level.
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2.5. FUTURE RESEARCH AND CONCLUSION
This research pointed in the direction that the effect of BMVE remains very subtle
during the early growth stages of wheat, which is difficult to quantify with a small set of
plants. To commercialize this seed treatment it is highly important to conduct the
experiments with sufficient large number of plants to quantify the effect of BMVE seed
treatment on growth, development and yield. Several wheat varieties should be evaluated
under these trials to enable identification of possible genetic variation in response to the
BMVE in wheat. Since it is a seed treatment that likely works during germination, it is
also important to take wheat root growth into consideration. Study of parameters such as
change in root biomass, root length, and root structure in response to BMVE would be
ideal to see how wheat root growth is affected. Future experiments may also involve
measuring parameters such as change in carbon assimilation rate, stomatal conductance
etc. in response to BMVE to see how photosynthetic parameters are affected.

2.6. REFERENCES
Ahmed, A.-T. J., & Jama, Y. A. (2007). Effects of Water Stress Conditions and Plant
Growth Regulators on Growth, Yield and Yield Components in Durum Wheats (Triticum
turgidum L. var. Durum) under the Jordon Conditions. Journal of Agronomy, 6(1), 100–
105.
Campbell, C. A. (1999). A novel plant growth regulator, mbta, increases soluble solids
(brix) of “valencia” orange. Proc. Fla. State Hort. Soc (Vol. 112).

50
d’Andria, R., Chiarandà, F. Q., Lavini, A., & Mori, M. (1997). Grain Yield and Water
Consumption of Ethephon-Treated Corn under Different Irrigation Regimes. Agronomy
Journal, 89(1), 104.
Davies, P. J. (2010). The Plant Hormones: Their Nature, Occurrence, and Functions. In
Plant Hormones (pp. 1–15). Dordrecht: Springer Netherlands.
Eid, M. H. (2009). International journal of genetics and molecular biology. International
Journal of Genetics and Molecular Biology (Vol. 1). Academic Journals.
Fishel, F. M. (2006). Plant Growth Regulators 1. University of Florida/IFAS Extension.
PI-102
Furbank, R. T., & Tester, M. (2011). Phenomics – technologies to relieve the
phenotyping bottleneck. Trends in Plant Science, 16(12), 635–644.
Furukawa, Y., Ponce J., (2010). Accurate, dense, and robust multiview stereopsis.
Ieeexplore.Ieee.Org.
Golzarian, M. R., Frick, R. A., Rajendran, K., Berger, B., Roy, S., Tester, M., & Lun, D.
S. (2011). Accurate inference of shoot biomass from high-throughput images of cereal
plants. Plant Methods, 7(1), 2.
Halmann, M. (1990). Synthetic Plant Growth Regulators. Advances in Agronomy, 43, 47–
105.
Hayman, E., & Yokoyama, H. (1990). Enhanced germination rates and growth of
DCPTA-treated guayule seed. HortScience.

51
Kasele, I., Nyirenda, F., & Shanahan, J. (1994). Ethephon alters corn growth, water use,
and grain yield under drought stress. Agronomy.
Kazhdan, M., Hugues, H. (2013). Screened poisson surface reconstruction. Dl.Acm.Org.
Keithly, J. H., Yokoyama, H., & Gausman, H. (1990). Enhanced yield of tomato in
response to 2-(3,4-dichlorophenoxy)triethylamine (DCPTA). Plant Growth Regulation,
9(2), 127–136.
Keithly, J., & Yokoyama, H. (1992). Promotive effects of DCPTA on seedling
development and growth of radish. Journal of The American Society of Horticultural
Sciences.
Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends in
Plant Science, 11(1), 15–19.
Qi, R., Gu, W., Zhang, J., Hao, L., Zhang, M., Duan, L., & Li, Z. (2013). Exogenous
diethyl aminoethyl hexanoate enhanced growth of corn and soybean seedlings through
altered photosynthesis and phytohormone. AJCS (Vol. 7).
Rizhsky, L., Liang, H., Shuman, J., & Shulaev, V. (2004). When defense pathways
collide. The response of Arabidopsis to a combination of drought and heat stress. Plant
Physiology.
Snavely, N., Seitz, S., (2006). Photo tourism: exploring photo collections in 3D.
Dl.Acm.Org.
Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E., & Mittler, R. (2014). Abiotic and
biotic stress combinations. New Phytologist, 203(1), 32–43.

52
Van Pelt, R. (2007). Substituted Tertiary Amine Plant Bioregulators Affect Yield and
Pigment Content of Paprika. Journal of Vegetable Science, 12(3), 63–71.
Lowe, D. (2004). Distinctive Image Features from Scale-Invariant Keypoints.
International Journal of Computer Vision.
Wang, Y., Gu, W., Xie, T., Li, L., Sun, Y., Zhang, H., … Wei, S. (2016). Mixed
Compound of DCPTA and CCC Increases Maize Yield by Improving Plant Morphology
and Up-Regulating Photosynthetic Capacity and Antioxidants. PLOS ONE, 11(2),
e0149404.
Xie, T., Gu, W., Meng, Y., Li, J., Li, L., Wang, Y., … Wei, S. (2017). Exogenous
DCPTA Ameliorates Simulated Drought Conditions by Improving the Growth and
Photosynthetic Capacity of Maize Seedlings. Scientific Reports, 7(1), 12684.
Xu, X., & Taylor, H. M. (1992). Increase in Drought Resistance of Cotton Seedlings
Treated with Mepiquat Chloride. Agronomy Journal, 84(4), 569.
Yokoyama, H., Chan, J., Oyama, P., & Hov, L. (2015). Signaling compositions, methods,
and systems for effecting plant burndown and herbicide enhancement. US Patent.
Retrieved from https://www.google.com/patents/US8999890
Zhang, W., Yu, C., Zhang, K., Zhou, Y., Tan, W., Zhang, L., … Duan, L. (2017). Plant
growth regulator and its interactions with environment and genotype affect maize optimal
plant density and yield. European Journal of Agronomy, 91, 34–43.

53

CHAPTER 3: THE MOLECULAR ACTIVITY OF
BMVE, A TERTIARY AMINE PLANT GROWTH
REGULATOR
3.1. INTRODUCTION
A wide variety of different synthetic compounds have been studied for possible use
as plant growth regulators to enhance crop productivity. Among these a newly registered
tertiary amine, 2 N-methylbenzylaminoethyl 3-methylbutanate (BMVE), reportedly
increases crop growth and yield in multiple crop species (US9464283B2, Kamtec LLC)
(Yokoyama et al., 2015). Currently, the molecular and physiological mechanism behind
the activity of BMVE is not known. Other related tertiary amines have been evaluated for
their effects on plant physiological parameters to varying degrees, but the molecular
mechanisms behind their activity is also poorly understood. A thorough understanding of
how tertiary amine compounds affect plant growth could be an important insight that
would help to develop strategies for sustainable food production in the future.
To dig deeper into the mechanism of activity, our approach was to use forward
genetics to identify a gene necessary for a BMVE phenotypic response. A mutant with
decreased sensitivity to BMVE was characterized and gene mapping was done.
Additionally, transcriptomics studies have been performed to observe gene expression
changes in wild-type Arabidopsis in response to BMVE treatment. Identification of the
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genes involved in response to BMVE should provide clues about how the compound
works at the molecular level.

3.2. MATERIAL AND METHODS
3.2.1 PLANT MATERIAL AND GROWTH CONDITIONS
Seeds used in all the experiments were surface sterilized with around 500 seeds in a
1.5 ml plastic microtube. Seeds were first washed with 70% ethanol and after about 15
minutes it was removed (Staswick et al., 1992). Following ethanol washing, 50% fresh
bleach (6% sodium hypochlorite) was used for further seed washing (Staswick et al.,
1992). In the meantime, seeds and solution were mixed several times by vortexing.
Following centrifugation, the solution was removed and seeds were washed five times
with sterile water in a laminar flow hood to remove the residual ethanol and bleach.
Seeds were then incubated at 4℃ for two to three days before sowing.
The agar media was prepared from MS (Murashige & Skoog, 1962) Basal Salts
(2.165 g/L), MES buffer 0.5 g/L, 0.5% sucrose, and 1% agar. The pH was adjusted to 6.0
with 1M KOH. Then the media was autoclaved for 30 minutes at 121℃, then cooled in a
water bath at 55℃. For treatment, BMVE was added to the media whereas for control,
100% ethanol was added. All these steps were done in a laminar air flow hood. After
preparing treatment and control batches, the media was poured into sterile 100 mm x 15
mm polystyrene petri dishes and allowed to solidify. Once the media solidified, a narrow
strip of the agar was removed with a sterile spatula to create a slot so that seeds can be
placed on the agar bed (Staswick et al., 1992). Approx. 20 seeds were distributed on the
agar with a micropipette. After the seeds were planted, the plates were sealed with 3M
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brand micropore tape. Root length was measured at times indicated in the Figures.
Temperature and light were kept at 22℃ and 16 hr, respectively, with fluorescent
illumination of approximately 100 μE‧m-2.sec-1.

3.2.2 BMVR1 GENE MAPPING
The BMVE-resistant mutant bmvr1 was isolated from an EMS mutagenized M2
population in the Col-0 background (Wei et al., 2015). BMVE inhibits the root growth of
wild-type Col-0 plants and this phenotype was previously used to screen for mutants
exhibiting reduced sensitivity towards BMVE [Staswick, unpublished]. The bmvr1
mutant used here is semidominant and was backcrossed to wild type three times before
experimental use here [Staswick, unpublished].
Mapping was done in the F2 generation from a cross with the contrasting wild
type parent Ler. F2 seedlings displaying the resistant phenotype were identified. Because
the mutant is semidominant, care was taken to isolate only seedlings showing the longest
root growth on 25 µM BMVE. This was done by marking the primary root length at a
regular interval of 3 days up to 12 days, following which the plants showing the greatest
incremental length increase were isolated. The isolated plants were transplanted to soil
and later juvenile leaf tissue was collected and stored at -80⁰C for bulk segregate and
individual F2 analysis. DNA from Col-0 and Ler ecotypes was extracted independently.
Later on, an opposite approach was also followed by which F2 seedling exhibiting
shorter root length were isolated [Staswick, unpublished]. Seedlings were transplanted
and raised in a similar manner as that of long rooted plant. The purpose of doing this was
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to eliminate the possible error posed by selection criteria while selecting long rooted
presumed homozygous mutants, as the mutation is semi-dominant in nature.
Initially, CAPS (Cleaved amplified polymorphic sequence) markers were used to
map the mutant locus by bulk segregate analysis. Later on in the experiment, SSLP
(Simple sequence length polymorphism) markers were utilized. The coverage of SSLP
markers throughout the Arabidopsis genome is quite dense, and they eliminate the need
of DNA being digested by restriction endonuclease enzymes, as they report the
polymorphism via displaying sequence length variations (Clark et al., 2011). Information
regarding all the CAPS and SSLP markers was obtained from TAIR website
(https://www.arabidopsis.org).

3.2.3 DNA EXTRACTION
The DNA extraction buffer was prepared from 10.0 ml 1 M Tris-HCl (pH 7.4), 2.5
ml 5 M NaCl, 2.5 ml 0.5 M EDTA (pH 8.0), 2.5 ml 10% SDS, and 32.5 ml double
distilled water to make 50.0 ml of solution. About 50 mg of leaf tissue was used to
extract DNA. Initially, tissue collected from F2 mutant plants was pooled and ground by
using pestle and mortar, followed by centrifugation of samples at 21,000 RCF for two
min. 80 µl of supernatant from each sample was removed and mixed with 80 µl of
isopropanol in clean tubes. Then the solution was allowed to incubate at room
temperature for 10 minutes followed by centrifugation for 2 minutes. The resulting
supernatant was discarded and the remaining pellet was dried in air. About 30 µl – 40 µl
TE buffer (10 mM Tris HCl, pH 8.0, 1 mM EDTA) was added to the pellet and stored at
4℃.
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3.2.4 RNA EXTRACTION FOR RNA-SEQ AND QPCR
Tissue was ground with pestle and mortar, following which, RNeasy Plant mini-kit
protocol was used to extract RNA. Available in the kit, RLT buffer was mixed with
BME, where BME’s proportion was 1% by volume. After weighing 100 mg of ground
tissue, it was mixed with the 450 µl RLT+BME solution prepared above and vortexed by
using tabletop vortex machine. Then a cut end P1000 pipet tips were used to transfer the
vortexed lysate to QiaShredder spin column (available in RNeasy plant mini-kits) and
centrifuged immediately at high speed for 2 minutes on a tabletop centrifuge. The
resulting 400 µl supernatant was transferred to a new tube. EtOH (~200 μl), 0.5 volume
was added to the supernatant lysate and mixed by pipetting. The resulting sample of
about (~600 μl) was then added to the RNeasy spin column placed in a 2-ml collection
tube and centrifuged for 15 seconds. RW1 (350 µl) buffer supplied with the mini-kits was
added to spin column and centrifuged for 15 seconds. DNase1 treatment was done with
10 µl DNase I stock solution added to 70 µl Buffer RDD and mixed gently by inverting
the tube and pulse spun to collect residue from sides of tube. 80 µl of resultant solution of
DNase I incubation mix was added to RNeasy spin column membrane and centrifuge for
another 15 minutes. Flow-through was discarded again. The above steps were repeated
two times with the RPE (500 µl) buffer provided with the mini-kits. In the end, spin
column was placed in a new 1.5-ml collection tube (supplied with mini-kits), 30-50 μl
RNase-free water was added to the column membrane and centrifuged for 1 minute. RNA
concentration was determined by using Nanodrop. cDNA synthesis and sequencing was
done by the University of Nebraska, Medical Center (Omaha) core facility.
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3.2.5 TISSUE COLLECTION FOR RNA-SEQ AND QPCR
To determine the up/down regulated genes in the tissue and at the time point when
the effect of BMVE can be visually observed in Arabidopsis (6 days root growth on agar
medium containing BMVE), root tissue was harvested to perform transcriptome studies.
The small size of roots at this stage resulted in some contamination with hypocotyl tissue.
Two biological replicated sets of wild-type Col-0 for control and treatment were used for
harvesting root/hypocotyl tissue and hypocotyl tissue alone respectively. Later on during
the analysis, this hypocotyl tissue was used to subtract out the genes which were not
associated with roots. Seedlings were grown on MS media in the similar manner as
described above. Raw sequencing data was processed by Dr. Chi Zhang and Dr. Kang Liu
(U. Nebraska, Lincoln). By using Trimmomatic (Bloger et al., 2014), each RNA-seq read
was trimmed to make sure the average quality score larger than 30 and having the minimum
length of 70bp. All trimmed short reads were mapped to the Arabidopsis genome (TAIR10)
using TopHat (Trapnell et al., 2009), allowing up to two base mismatches per read. Reads
mapped to multiple locations were discarded. Numbers of reads in genes were counted by
the HTSeq-count tool using corresponding rice gene annotations and the “union” resolution
mode was used (Anders, 2010). For pair-wise comparisons, differentially expressed genes
were identified by using DEseq (Anders and Huber, 2010) to analyze the numbers of reads
aligned to genes. To determine significantly differentially expressed genes, the thresholds
were set at fold-change  2 and adjusted P-values  0.001 for the null hypothesis. This
work was completed utilizing the Holland Computing Center of the University of
Nebraska. Gene classifications were done using the Classification Super Viewer (BAR,
University of Toronto) using the MapMan classification scheme. Interaction among genes

59
was studied using the Arabidopsis Interaction Viewer tool (BAR, University of Toronto)
of the MapMan classification scheme.

RNAseq results were confirmed by quantitative PCR. For this, seedlings were
grown in liquid MS culture. All seedlings were grown for 8 days and harvested at the
same time, with addition of BMVE on appropriate days to yield treatments for 0
(Control), 1, 2, 4, and 6 days. Each time point had three biological replicates. While
conducting qPCR reactions three technical replicates from each biological replicate were
also included to minimize the error. Three genes, CAC, PDF, and EF1 were used as
reference genes respectively to compute the relative expression of genes of interest. The
cDNA prepared from 0.5 µg RNA was further diluted 20 times to be used in qPCR
reactions. 2 µl volume of both forward and reverse primers mixed at 5µM conc. was used
per 10 µl reaction mixture. The 0.25 µM conc. of GoTaq was used in qPCR reactions.
Supplementary information regarding the reference genes and cycling protocol is
provided in Appendix. Later in the analysis, the values of reference genomes were
averaged to plot single values for different time points in the graph.

3.3. RESULTS
3.3.1 EFFECT OF BMVE ON PRIMARY ROOT GROWTH
During preliminary experiments it was noted that BMVE inhibits the primary root
growth Arabidopsis seedlings on agar medium [Staswick, unpublished]. To evaluate the
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effect of BMVE at different concentrations Col-0 seedlings were grown at concentrations
up to 100µM. Primary root growth inhibition was detected by five or six days after
sowing seeds on plates with as little as 10 µM BMVE and inhibition increased in a dosedependent manner for up to 9 days (Fig. 3.1). At the highest concentrations growth had
essentially ceased by 7 days.

Figure 3.1. Response for seedling primary root inhibition by BMVE. Wild type Col -0
seeds were germinated on MS agar medium containing the indicated
concentrations of BMVE. Root lengths were measured on the days indicated.
Values are the means of 19 seedlings, err or bars show SE.

3.3.2 GENETIC VARIATION
Numerous ecotypes of Arabidopsis were evaluated on BMVE to determine if there
was genetic variation for the root inhibition response. 25µM BMVE was chosen for this
analysis because it produced an intermediate response with Col-0 ecotype. Fig. 3.2 shows
that the primary root length after 12 d for all ecotypes tested were shorter in the treatment
than for controls, indicating sensitivity in response to BMVE among diverse Arabidopsis
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ecotypes. Although root length on control medium was variable among ecotypes, Fig. 3.3
shows that there were substantial differences in the degree of sensitivity to BMVE among
ecotypes. For example, Logz-2 showed only about 20% decrease in growth while Ren-1
was inhibited about 70%. Col-0 was among the more sensitive ecotypes, showing about
60% inhibition. This result suggests that Arabidopsis mutants with reduced sensitivity to
BMVE might be obtained and these could lead to identification of genes involved in this
response to the compound.

Figure 21. Seedling root length of Arabidopsis e cotypes. Growth was for 12 days on
control medium or 25µM BMVE, where n = 8 to 15. Error bars show SE.
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Figure 22. Relative root inhibition for BMVE treated Arabidopsis ecotypes. Values for
treated sa mples are shown as the ratio of treated length to control length fro m
Figure 3.2, which was taken as 1 for each ecotype, where n = 8 to15. Error
bars show SE.

3.3.3 BMVE RESISTANT MUTANT ANALYSIS
Prior work identified an Arabidopsis (Col-0) EMS mutant called bmvr1 that showed
reduced primary root inhibition when grown on 100 µM BMVE [Staswick, unpublished].
To directly compare the effect of BMVE on wild-type Arabidopsis and the mutant,
seedlings of Col-0 and bmvr1 were grown in control and 25µM BMVE on MS medium.
Growth of WT and the mutant was essentially the same up to 6 days on control medium
(Fig. 3.4). On 25 µM BMVE medium bmvr1 roots outgrew WT seedlings as shown at 12
days after sowing (Fig. 3.4). Growth of WT primary roots had essentially ceased by about
10 days, while mutant roots were still elongating at 12 days. Figure 3.5 shows that bmvr1
mutants showed the resistance over the all range of concentration being tested, i.e. 10 to
100 µM.
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Figure 23. Root growth of Col-0 (Wild-type) and bmvr1 homozygous seedlings on
control or 25 µM BMVE media plates. Images show growth to 6 days for
control and 12 days for BMVE plates.

Figure 3.5. Difference of primary root length b etween Col-0 ecotype and bmvr1 at 12 d
after sowing. BMVE concentrations are shown in µM . N = 15, and error bars
show SE.
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3.3.4 MAPPING OF THE MUTANT LOCUS
To narrow down the region of the genome responsible for BMVE resistance in
bmvr1, F2 homozygous mutants obtained from a cross to the contrasting genetic parent
Ler were analyzed by bulk segregation. A bulk of 110 F2 individuals presumed to be
homozygous mutant was used for the analysis. Figure 3.6 shows the distribution of CAPS
and SSLP markers on five chromosomes of Arabidopsis that were evaluated during the
bulk segregation analysis. Initially, mapping by CAPS (cleaved amplified polymorphic
sequence) markers revealed that resistant locus bmvr1 is linked to marker Pat1 near the
left end of chromosome 5 (Fig. 3.6 and 3.7). The mutation was from Col-0 background,
and all the CAPS markers on other chromosomes showed no distortion in segregation.
The complete details of the markers tested here are shown in Appendix II, and the
information regarding these markers was taken from a paper previously published (Wei et
al., 2015).
After testing the PAT1, which had shown linkage with the mutant locus in the bulk
analysis, another CAPS marker, NIT 4, located close to the former was evaluated. NIT 4
also had shown the bias for Col-0 alleles during bulked segregant analysis. Following
this, several SSLP markers present on lower left arm of chromosome 5 were tested with
individual F2 mutants (Fig. 3.6). JS 1 and JS 2 present to the right and left side of PAT1
showed the recombination rate as 14% and 7.7%, respectively (Appendix III). As the JS 2
favored lower recombination rate more SSLP markers were evaluated in the nearby
region. Markers JS 3 and JS 4 present in the close association to JS 2 gave the
recombination rate results as 17.24% and 11.01%, respectively. As there was the trend of
decreasing and increasing recombination rate upon approaching towards and away from
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JS 2 respectively, the data suggests that the mutant locus might be present in the close
vicinity of JS 2 (Fig. 3.6).
One other CAPS marker, LFY3 present on to the far right side of chromosome 5,
had also given the hint of linkage, so additional SSLP markers were evaluated in this
chromosomal region using the bulked mutant F2 population. Figure 3.8 shows that
markers JS5-11, JS 12, and JS 13 all showed evidence of linkage for the Col-0 genotype
among the long root F2s. In contrast, marker PS2-2 on chromosome 2 (Fig. 3.8), as well
as PS1-2 and PS1-3 on chromosome 1 (not shown) gave banding patterns equivalent to
the F1, indicating no linkage. Because all SSLP markers on chromosome 5 were showing
linkage, the inverse experiment was done. Forty short root (wild type) F2s were bulked
and evaluated. These gave the inverse pattern for JS5-11, JS 12, and JS13, confirming
linkage to the selected trait (Fig. 3.8). In summary, the data showed evidence of linkage
for all markers tested on chromosome 5, with strongest linkage in the region of JS2 at
about 4.75 Mb.

Figure 3.6. The 26 CAPS and 10 SSLP markers were utilized on 5 chromoso mes in Arabidopsis , where arrowed numeric values
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represent the percent recombination respectively. Details for the markers are show n in Appendix.
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Figure 3.7. Pat1 CAPS marker shows bias for the mutant genotype in a bulked pool of 110
mutant F2 seedlings. The mutant is in the Col -0 background and the F2s were
obtained from a cross with the wild type Ler ecotype. Markers on other chro moso mes
showed no evidenc e of segregation distortion.
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Figure 3.8. SSLP markers, JS 5 -11, JS 5-12, JS 5-13, and PS 2-2 tested on the bulked pool of
110 mutant F2 long rooted seedlings (F2L) and 40 mutant F2 short rooted seedlings
(F2S). The F1 is shown for comparison. Upper and lower bands in the gel represent
‘Col-0’ and ‘Ler’ phenotype, respectively, except in the case of JS 5 -11 which shows
the opposite.

3.3.5 TRANSCRIPTOMICS
A second approach to determine how BMVE affects plant growth characterized changes in
gene expression following treatment with the compound. Previous RNAseq transcriptome
studies on 6 day old seedlings grown in liquid MS culture showed no significant changes after 4
or 12 hr treatments with 50 µM BMVE [Staswick, unpublished]. Since growth inhibition of
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seedling roots on agar medium with BMVE began after about five to six days of continuous
exposure to BMVE (Fig. 3.1), it seemed likely that gene expression would be affected by this
time. Therefore, an RNAseq experiment was done using root/hypocotyl tissue grown on agar
medium for 6 days on 50 µM BMVE.
Using the criteria of > 2-fold change (p-val <0.01), in this experiment, 449 transcripts in
root/hypocotyl tissues were reduced by BMVE treatment, while 156 were increased (Fig. 3.9).

Figure 3.9. Number of transcripts changed in Col -0 ecotype of Arabidopsis due to the
effect of BMVE. Transcript differences of > 2 fold with p -value < 0.01 were
used for the analysis.

Figure 3.10. Shows the transcripts in different classes of genes that were either up or down -regulated (>2 fold
change, p-value <0.01.
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Changed transcripts in response to BMVE were functionally categorized and the numbers
are shown in Figure 3.10. The most striking result from this experiment was that the largest class
of affected genes, those associated with photosynthesis, were all reduced by the presence of
BMVE. For several other gene classes such as RNA, stress, protein, secondary metabolism
transcripts are showing both down-regulation as well as up-regulation. However, for nearly all
functional classes the number of up-regulated genes is less than the down-regulated genes (Fig.
3.10). Some of the gene classes were either all down or up-regulated, but the number of
transcripts in these cases was small.
The phenotypic effect of BMVE on seedling growth was only seen in primary root growth
suppression, which began about 5 days after continuous growth in media plates containing the
compound. However, during collecting the tissue for the RNAseq experiment, the small size of
roots at 6 d resulted in some contamination with hypocotyl tissue. To gain more insight into the
differentially expressed root genes that might be associated with response to BMVE, a
leaf/hypocotyl sample was used to subtract out the changed genes not associated with roots. To
extend this analysis of differentially expressed genes in roots, a more stringent approach was
used in which the threshold p-values previously adjusted for filtering the data was replaced with
‘0.001’ instead of ‘0.01’. The reason behind doing this was to try and obtain the most meaningful
root genes showing response to BMVE. When the transcripts from leaf/hypocotyl tissue were
compared with that of root/hypocotyl tissue it was found that 56 transcripts were common in
both the data sets (BMVE root and Control root; BMVE leaf and Control Leaf) and 325 were
only found in roots (Fig. 3.11).
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Figure 3.11. The Venn diagram represents the genes differentially expressed exclusively in
either the root and leaf tissue or in both. 'BR_CR' and 'BL_CL' represents the
transcript data which came fro m root tissue (BMVE versus Control) and leaf tissue
(BMVE versus Control), respectively.

These 325 genes fall in several functional classes, however, again the majority of them
belong to gene classes such as photosynthesis, stress, protein, RNA, cell wall, secondary
metabolism etc. as shown in Fig. 3.12. Many other genes belong to classes exhibiting
miscellaneous function and for some no function has been assigned yet.

Figure 3.12. Shows the changed transcripts in different classes of genes expressing in roots (Either up or down regulated with >2 fold change, p-value <0.001).
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Out of these 325 genes, the genes showing more than 10-fold changes were
identified. The reason behind doing this was that the number of down-regulated
transcripts due to BMVE was more than those of up-regulated. Therefore, it was
necessary to observe what is the extent of highly up-regulated genes and to which
functional class they belong to. However, overall many more transcripts were reduced by
BMVE, a few were up-regulated to a quite high-extent (Fig. 3.13).

Figure 3.13. Transcripts changed by BMVE in root tissue of Col-0. Transcript
differences with p-value < 0.001 and >10 fold change were included in the
analysis.

The list of the genes showing differential gene expression with more than 10-fold
changes is shown in Tables 3.1 and 3.2. Among the strongly up-regulated transcripts are
several that are known or likely to be involved in oxidation-reduction processes,
including cytochrome P450s, nitrilases, peroxidase, and glutathione S-transferase. Some
of these are associated with biotic or abiotic stresses. Among the most strongly downregulated transcripts are several that are also associated with stress (chlorophyllase,
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thionins, lipoxygenase, CXC750) and others related to photosynthesis. Altogether these
genes are suggesting that the plants were experiencing stress due to BMVE exposure.

Table 3.1. Root genes exhibiting >10 fold up -regulation due to the effect of
BMVE.

Up-regulated genes
Gene ID
Fold
Gene name
Change
At2g30770
168.59 Cytochrome P450, family
71, subfamily A
At1g26390
108.26 FAD-binding Berberine
family protein

At4g12735

43.18

At4g13420

33.65 High affinity
K+ transporter 5
32.30 Proline-rich extensin-like
family protein
26.68 Senescence-associated
gene 13

At1g26240
At2g29350

At2g30750

At1g29860

17.39 Cytochrome P450,
family 71, subfamily A
17.14 Glutathione S-transferase
family protein
16.16 Peroxidase superfamily
protein
15.92 Glutathione S-transferase
TAU 12
14.66 Disease resistance protein
(TIR-NBS-LRR class)
family
12.10 DNA-binding protein 71

At3g54530

12.06

At5g44990
At5g19880
At1g69920
At4g11170

Function
Misc. cytochrome P450
Misc. nitrilases, nitrile lyases,
berberine bridge enzymes,
reticuline oxidases, troponine
reductases
Not assigned/unknown
Transport potassium
Cell wall cell wall proteins HRGP
Misc. nitrilases, nitrile lyases,
berberine bridge enzymes,
reticuline oxidases, troponine
reductases
Misc. cytochrome P450
Not assigned/unknown
Misc. peroxidases
Misc. glutathione S transferases
Stress biotic PR-proteins

RNA regulation of transcription
WRKY domain transcription
factor family
Not assigned/unknown
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Table 3.2. Root genes exhibiting >10 fold down -regulation due to the effect of BMV E.

Down-regulated
Gene ID
Fold
Change
At1g19670
45.02
At5g40380
26.77

At5g56850
At1g29090

26.28
22.83

At5g45950

22.77

At3g16250

19.21

At1g73870

17.90

At3g44970

17.80

At1g66100
At5g36910
At3g27690

17.67
16.54
15.12

At4g08870

14.86

At4g26530
At2g34620

13.61
12.73

At3g04290
At4g17090

11.79
11.75

At1g31580
At1g07720

11.60
11.36

At3g45140

11.22

Gene name

Function

Chlorophyllase 1
Cysteine-rich RLK
(RECEPTOR-like protein
kinase)

Stress abiotic touch/wounding
Signalling receptor kinases DUF
26

Cysteine proteinases
superfamily protein
GDSL-like
Lipase/Acylhydrolase
superfamily protein
NDH-dependent cyclic electron
flow 1
B-box type zinc finger protein
with CCT domain
Cytochrome P450 superfamily
protein
Plant thionin
Thionin
Photosystem II light harvesting
complex gene
Arginase/deacetylase
superfamily protein

Not assigned unknown
Protein degradation cysteine
protease
Misc. GDSL-motif lipase

PS lightreaction other electron
carrier (ox/red).ferredoxin
RNA regulation of
transcription.C2C2(Zn) CO-like,
Constans-like zinc finger family
Misc. cytochrome P450

Stress biotic
Stress biotic receptors
PS lightreaction photosystem II
LHC-II
Amino acid metabolism
degradation glutamate family
arginine
Aldolase superfamily protein
PS calvin cycle aldolase
Mitochondrial transcription
RNA regulation of
termination factor family protein transcription.unclassified
Li-tolerant lipase 1
Misc. GDSL-motif lipase
Chloroplast beta-amylase
Major CHO metabolism
degradation starch starch
cleavage beta amylase
CXC750_ECS1__ECS1
Stress biotic
3-ketoacyl-CoA synthase 3
Lipid metabolism FA synthesis
and FA elongation.beta ketoacyl
CoA synthase
ATLOX2_LOX2__lipoxygenase Hormone
2
metabolism.jasmonate.synthesisdegradation.lipoxygenase
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At4g18970

11.06

At5g03120
At4g37925

11.05
10.84

At1g29660

10.56

At1g70820

10.35

At1g75460

10.20

GDSL-like
Lipase/Acylhydrolase
superfamily protein
Subunit NDH-M of NAD(P)H:
plastoquinone dehydrogenase
complex
GDSL-like
Lipase/Acylhydrolase
superfamily protein
phosphoglucomutase, putative /
glucose phosphomutase,
putative
ATP-dependent protease La
(LON) domain protein

Misc GDSL-motif lipase

Not assigned unknown
PS lightreaction.NADH DH

Misc GDSL-motif lipase

Glycolysis plastid branch
phosphoglucomutase (PGM)
Protein degradation
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To validate the RNAseq results, three genes having an intermediate level of
transcript reduction were tested by Quantitative PCR (qPCR). Because photosynthesisassociated was a major class of down regulated genes, two of these where chosen, and
another was associated with circadian clock function. The gene IDs, fold change and
function are shown in Table 3.3.
Table 3.3. List of the genes for validating the transcriptome results with the
help of qPCR.

Gene ID

Fold Change

Function

AT1G19150

-7.52

AT2G46830

-5.24

Photosystem I light harvesting
complex gene 6
Circadian clock associated 1

AT4G37925

-10.84

Subunit NDH-M of NAD(P)H:
Plastoquinone dehydrogenase complex

Note: The ‘-’ sign in fold change represents the down-regulation

These genes were tested on cDNA obtained from 8 day old whole seedlings grown
in liquid MS culture with 25 µM BMVE for 0,1,2,4 or 6 days. (See material and method
section). RNAseq data had revealed the down-regulation in the expression of these genes
after 6 days of growth in BMVE. Quantitative PCR using three biological replicates
showed down-regulation for each of these genes, although, the magnitude of downregulation was not as high as for the RNAseq results using root/hypocotyl tissue (Fig.
3.14). This suggests that down regulation of the large number of genes is in fact a feature
of the BMVE response.

79

Figure 3.14. The graphs a, b, and c shows the down -regulating genes being
tested for 0, 1, 2, 4 and 6 days old Arabidopsis seedlings g rowing in
BMVE. Value at 0 day is taken as control and used to compute the
expression on oth er days. Error bars represent Std. deviation .
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3.4. DISCUSSION
These experiments aimed at understanding the biological activity of BMVE in
Arabidopsis. Earlier attempts to find a positive growth effect from seed treatment
followed by growth on agar plates or in soil were unsuccessful [Staswick, unpublished].
However, BMVE inhibits the primary root growth of wild-type Arabidopsis under
continuous growth in the presence of the compound. Numerous response loci for
hormones and other compounds have been identified by screening under concentrations
that produce negative effects, so it seemed reasonable that root inhibition by BMVE
might be used to identify resistant mutants that could help identify how BMVE works at
the molecular level.
We found that BMVE inhibits the root growth of wild-type Arabidopsis in a dose
dependent manner (Fig. 3.1 & 3.5). This root inhibitory response can be observed within
about 6 days after growing Arabidopsis in MS media plates. By 10 days growth had
ceased at 50 µM concentration and primary roots had a thickened appearance at the root
tip at 12 d (Fig. 3.4). It is not clear whether this root inhibition is a toxic response, but no
other obvious negative changes in shoots and leaves were observed after 12 days growth
on 25µM BMVE (Fig. 3.4). Moreover, upon transferring the seedlings to the soil for
further growth, both treated and untreated seedlings appeared to resume their growth in a
very similar fashion (not shown).
Research in the past had shown that transient application of certain tertiary amine
plant growth regulators caused clear phenotypic effects in plants such as increased
vegetative growth, greater number of leaves, higher photosynthetic efficiency etc.
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(d’Andria, Chiarandà, Lavini, & Mori, 1997; Jung et al., 1975; Kasele, Nyirenda, &
Shanahan, 1994; J. H. Keithly et al., 1990; J. Keithly & Yokoyama, 1992; Yokoyama et
al., 2015). It is not clear whether the root inhibition found here upon continuous growth
of Arabidopsis on BMVE utilizes the same response pathway as for the positive effects
on crop plants in experiments mentioned above. The continuous exposure to BMVE for
several days may cause harmful effects not seen with a single treatment. Roots may also
be more sensitive to the chemical than leaves, which are the usual target for BMVE
application to growing plants.
This study provides evidence that the sensitivity against BMVE is not limited to
Col-0, rather, it exists among 25 other genetically diverse Arabidopsis ecotypes.
However, considerable variation was observed in the degree of the response to BMVE,
where some ecotypes were about four times more sensitive than others. If the negative
inhibition response in Arabidopsis is related to the mechanism by which positive effects
of BMVE treatment is mediated, then it suggests benefits to BMVE treatment might also
be genetically variable. The earlier result (Chapter 2) showing a positive effect on
biomass for variety Ruth following seed treatment, but not for the other two varieties,
may support genetic variability for wheat BMVE response.
To find the region of the genome responsible for the root inhibitory response in
Arabidopsis, mapping was done by utilizing the mutant Col-0 and wild type Ler ecotypes
as parental lines. During the mapping of the mutant locus via bulk segregation analysis a
CAPS marker, PAT 1, was found to be segregating with the polymorphic region, while
markers on any other chromosomes showed no linkage. The location of PAT 1 is on the
left arm of chromosome 5 of Arabidopsis. This region was then explored by testing other
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SSLP markers in the vicinity of PAT 1. According to recombination rate results obtained
after testing additional SSLP markers on individual F2 plants, the data points in the
direction that the mutant locus is present in the vicinity of JS 2. Although, other distant
markers on chromosome 5 (JS12 and 13) also showed evidence of linkage in the bulk
analysis, it is not unreasonable for markers about 20 Mb away to show weak linkage.
Because of the semi-dominant nature of bmvr1 there was concern that some of the
selected long root F2 individuals may have been heterozygous rather than homozygous
mutants. Although care was taken to select only the fastest growing seedlings at the time
of sampling (see Materials and Methods) testing of a small sample of the F2s in the F3
generation revealed that a few were indeed segregating for BMVE resistance (not
shown). This result means that the recombination percentages determined with SSLP
markers would be need to be adjusted somewhat, although it does not change the overall
conclusion of the location for bmvr1. For this reason, further fine mapping in the region
of JS2 was not continued. For future mapping the genotype of selected mutant individuals
will need to be verified before proceeding.
The inhibition of primary root growth of Arabidopsis first seen at the 6th or 7th day
after growth in MS media plates was considered for further experiments. At this point,
there should be some regulation of the genes that play a role in developing the response
against BMVE. To gain the idea of this differential response, a transcriptome study was
conducted for 6 day old Col-0 seedlings grown in control and treatment condition
respectively. Root tissue was harvested, but the small size of seedlings at this stage
resulted in some contamination with hypocotyl tissue as well (Visually observed). Results
indicated the reduction in numerous transcripts due to the effect of BMVE (Fig. 3.9 and
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3.10). Interestingly, for the class ‘Photosynthesis’ all genes were down-regulated. As the
seedling root growth was exposed to 16 hr of light while growing in media plates, thus it
can be the reason why photosynthesis genes were expressing in roots as well (Aschan &
Pfanz, 2003; Benzing, Friedman, Peterson & Renfrow, 1983; Kitaya et al., 2002). Other
gene classes such as RNA, stress, protein, cell wall, transport, and secondary metabolism
had also showed both down- and up-regulation of associated genes. Although, some
stress, signaling and protein related genes have shown down-regulation > 10 fold, other
genes such as Cytochrome P450, family 71 and FAD-binding berberine like proteins
were showing up-regulation > 100 fold (Fig. 3.13, Tables 3.1 & 3.2). In this study two
biological replicates for wild-type growing in control and BMVE treatment were utilized
for the transcriptomics. The goal was to gain some understanding of the types of genes
involved in response to BMVE. Despite the limited visible effect on roots at this stage, a
surprisingly large number (605) of genes were affected, and several showed large
changes in transcript abundance. Roughly 75% of these were reduced by BMVE.
The RNAseq analysis had shown altogether that the plants were experiencing
stress. When the interaction between the up-regulated (>10 fold) genes was studied using
Arabidopsis Interaction Viewer tool provided by the Mapman classification scheme, it
appeared that one senescence associated gene (SAG13) among the up-regulated genes
might be involved in similar processes with other up-regulated genes such as NAD(P)
binding Rossman-fold superfamily protein, Cytochrome b/b6, Aldehyde dehydrogenase,
Glutathione S-transferase (GST) family protein etc. The senescence associated gene is
directly involved in stress response of plants (Weaver, Gan, Quirino, & Amasino, 1998).
The dependency of aldehyde dehydrogenase (ALDH) enzymes on NAD(P)s confers the
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interaction between former with the NAD(P) binding Rossman-fold superfamily protein
(Liu et al. 1997). The structural subunit of ALDH contains an NAD-binding domain, a
catalytic domain, and a bridging domain (Liu et al. 1997). SAGs primarily exhibit linear
correlation with the senescence induced by aging, however, they can play secondary roles
when the stress is posed by conditions other than aging (Weaver et al., 1998). The latter
can be the case with this study where Arabidopsis plants appeared to have experienced
stress while growing on BMVE media. It appears to take several days for this stress to
affect the plant. This is consistent with an earlier transcriptome study that showed no
changes in transcript abundance after 12 hr exposure to BMVE [Staswick, unpublished].
The quantitative PCR experiments done here also indicate that for the first couple of days
of BMVE treatment transcript abundance does not change for the genes tested.
The selective elimination of aldehydes from living systems is very crucial as these
can bring cytotoxicity, mutagenicity, genotoxicity, and carcinogenicity-like harmful
effects (Liu et al. 1997). Among the most effective pathways of aldehyde elimination is
the oxidation of aldehyde to carboxylic acid by aldehyde dehydrogenase (ALDHs) (Liu et
al. 1997). Moreover, ALDHs are NAD(P) dependent enzymes and widely distributed in
plant tissues (Liu et al. 1997). The associated genes to both have shown up-regulation
>10 fold for the plants growing on BMVE media. The logical sense behind the upregulation may be related to the stressed environment that was being faced by the plants.
Additionally, more than 10-fold up-regulation of a gene related to Glutathione Stransferase (GST) family protein favors the idea that stress was faced by plants growing
on BMVE. Glutathione (Ƴ-l-glutamyl-l-cysteinylglycine) is a multifunctional metabolite
in plants which acts as an important regulator of plant specific mechanisms such as gene
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expression, cell signaling, the cell cycle, plant development, and cell death (Noctor et al.,
2002). GSTs have been investigated for their roles in stress responses of plants, plants
coping up against the pathogen attack, oxidative stress conditions and heavy metal
toxicity etc (Marrs, 1996). The ability to detoxify harmful substances from the system is a
surviving skill of the cells and organisms. One common pathway to detoxify the system
from harmful electrophilic substances is mediated by three groups of enzymes/phases;
transformation, conjugation, and compartmentation (Marrs, 1996). Cytochrome P450
enzymes play important roles in bringing functional groups on to the substrates so that
their conjugation can be carried out easily for excretion or sequestration (Marrs, 1996).
Our data has clearly shown the up-regulation of the genes belonging to Cytochrome P450
family (Table 3.1).
Table 3.2 shows the genes that were down-regulated >10 fold, such as
Chlorophyllase 1, NDH-dependent cyclic electron flow 1, B-box type zinc finger protein
with CCT domain, Photosystem II light harvesting complex gene, Aldolase superfamily
protein, etc. Their down-regulation is also in accordance with the scenario discussed
above. From these results, we can hypothesize why the root length becomes shorter upon
growing the plants onto the BMVE media. The continuous exposure of plants to BMVE
creates the stressed environment and may cause the plants to develop this type of
response, which is a temporary response and gone in absence of BMVE. But now, the
question arises, why are the genes related to photosynthesis highly down-regulated? The
up-regulation of genes associated with senescence (SAG 13), Glutathione S-transferase
(GSTs) and Cytochrome P450 reveals that the stress might be oxidative imposed by
reactive oxygen species (ROS). Interestingly, the chloroplast is one of the important
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sources of ROSs because of the photoactive nature of the chlorophylls (Kariola, Brader,
Li, & Palva, 2005). In plants, respiratory and photosynthetic processes are responsible for
ROS production, where photosynthetic electron transport chain being a major source and
resides in the thylakoid membranes of chloroplasts (Kariola et al., 2005). Therefore, it
can be speculated that the survival strategy of plants growing on BMVE media, might be
responsible for the down-regulation of photosynthetic genes and up-regulation of several
genes such as SAG, Glutathione S-transferase (GSTs) and Cytochrome P450 to get rid of
toxicity caused by ROS.
In general, the down-regulation shown by photosynthesis class of genes is actually
opposed to the assumed role of BMVE to increase the plant yield. Some studies had also
previously shown activation of photosynthesis following treatment with other tertiary
amines (Keithly et al., 1990; Keithly and Yokoyama, 1992; Van Pelt, 2007; Qi et al.,
2013). But the possible explanation behind this discrepancy could be the continuous
growth of Arabidopsis on BMVE media. Continuous exposure of small seedlings to
BMVE may lead to excess accumulation that causes a kind of toxic response, negatively
affecting the expression of certain gene classes. However, this response is not permanent
as inhibited plants transplanted into the soil appear to quickly resume growth and develop
normally. Similarly, plants grown continuously in the presence of excess hormones often
are stunted in growth, but resume growth when the hormone is removed. One other
possible mechanism for BMVE activity would be through modulating a hormone
pathway, however, so far no hormone associated genes were found among those up or
down regulated by BMVE.
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3.5 FUTURE RESEARCH AND CONCLUSION
The goal of this research was to elucidate the molecular activity of BMVE in
Arabidopsis by mapping a locus in bmvr mutants that showed reduced sensitivity to it.
The mutant locus (bmvr1) showing reduced sensitivity to BMVE appeared to map to
chromosome 5, but the non-similar response of wild parental lines Col-0 and Ler to
BMVE and the semi-dominant nature of mutation appeared to complicate the process of
locating the locus. In future mapping experiments, the ecotype ‘Wassilewskija’ (alias
‘Ws-0’) could be used along with Col-0, as both respond similarly to BMVE, so the
problem with additional alleles contributing to the phenotype could be avoided to select
long-rooted mutants in F2 generation more efficiently. Another approach is the direct
sequencing of a back cross pool of mutants in which whole genome sequencing would be
done, and then analysis for the local skews in parental alleles would be observed to map
the mutation (James et al., 2013). Another study should characterize growth and
phenotype of the mutant and examine its transcriptome compared with wild type to assess
whether changes in gene expression occur. Together these studies should enable us to
discern how this compound actually affects the plant growth and development, possibly
providing clues on how it can have a positive effect on growth and yield following seed
treatment.
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APPENDIX I

Figure 1. Average fresh weight of the wheat measured 2 0 days after transplanting (1 s t
time point), where N = 13-16. Error bars represent the SE.

Figure 2. Average dry weight of the wheat measured 20 days after transplanting (1st
time point), where N = 13 -16. Error bars represent the SE.
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Figure 3. Average leaf number of the wheat plants measured 20 days after
transplanting (1st time point), where N = 13 -16. Error bars represent the SE.

Figure 4. Average tiller number of the wheat plants measured 20 days after
transplanting (1st time point), where N = 13 -16. Error bars represent the SE.
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Figure 5. Average leaf area of the wheat plants measured 20 days after transplanting
(1 s t time point), where N = 13 -16. Error bars represent the SE. (*) represents
the significance level when p -value < 0.05.
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Figure 6. Average shoot area of the wheat plants measured 20 da ys after
transplanting (1 s t time point), where N = 13-16. Error bars represent the SE.

APPENDIX II
Table 1. List of CAPS markers tested on the Bulk of mutants. Last six markers were tested on bulk of long as well as short rooted
mutants.
Markers Chr.

Name

Locus

Primer Sequences

Restriction

Fragment size (bp)

Enzyme
CAPS

I

CAT3

7144251 bp

F 5’- CAGATGCAATGGCATCGTGGAG - 3’

Hinc II

R 5’- CGGTGGTGCTCCAGTCTCCAAC - 3’
CAPS

I

UFO

11037396 bp

F 5’- AAGGCATCATGACTGTGGTTTTTC - 3’

Ler: 790, 185
Taq I

R 5’- GTGGCGGTTCAGACGGAGAGG - 3’
CAPS

I

GAPB

16127765 bp

F 5’- TCTGATCAGTTGCAGCTATG - 3’

I

ADH

28975141 bp

F 5’- GCGTGACCATCAAGACTAAT - 3’

Bfa I

II

PhyB

8139631 bp

F 5’- CAATCCTATGAAGAATGGCG - 3’

Xba I

II

T20D161

9949768 bp

F 5’- CGTATTTGCTGATTCATGAGC - 3’

Xho I

II

m429

73.2cM

F 5’- TGGTAACATGTTGGCTCTATAATTG - 3’

PSTI

III

MYB4

46335 bp

F 5’- CCAAATGACAACGACGTTATC - 3’
R 5’- GCCGGGTTGAAGAAAGGGCC - 3’

Col-0: 1400, 300
Ler: 1700

ScrF I

R 5’- GGCAGTTATTATGAATGTCTGCATG - 3’
CAPS

Col-0: 1100
Ler: 700, 400

R 5’- ATGGTTTACACTTGACAGAGC - 3’
CAPS

Col-0: 1291
Ler: 1097, 262

R 5’- ATAAACCATTAGCCCACGTG - 3’
CAPS

Col-0: 1210, 210, 58
Ler: 850, 366, 210, 58

R 5’- AAAAATGGCAACACTTTGAC - 3’
CAPS

Col-0: 983, 316
Ler: 600, 383, 316

R 5’- GGCACTATGTTCAGTGCTG - 3’
CAPS

Col-0: 973

Col-0: 316
Ler: 216, 100

HaeIII

Col-0: 1000, 600
Ler: 1200, 400
94

CAPS

III

g4711

8979861 bp

F 5’- CCTGTGAAAAACGACGTGCAGTTTC - 3’

Hind III

R 5’- ACCAAATCTTCGTGGGGCTCAGCAG - 3’
CAPS

III

ALS

18001597 bp

F 5’- GGCAACACATGTTCTTGGTG - 3’

Ler: 1000, 500
Hae III

R 5’- ATCACAGGACAAGTCCCTCG - 3’
CAPS

III

BGL1

75.23 cM

F 5’- TCTTCTCGGTCTATTCTTCG - 3’

IV

GA1.1

1242594 bp

F 5’- CCGGAGAATCGTACGGTAC - 3’

Rsa I

IV

ch42

10201954 bp

F 5’- CATCTTCTTCTGCAATCTGGG - 3’

BsaB I

IV

F10N7H

15498955 bp

F 5’- CCTGCCCAATATGCCAAAGC - 3’

Cla I

IV

DHS1

18537948 bp

F 5’- AGAGAGAATGAGAAATGGAGG - 3’

Hae II

V

PAI2

1667313 bp

F 5’- GTTGAGAAAATCACTTTGGTG - 3’

Dde I

V

ASA1

1720605 bp

F 5’- CCTCTAGCCTGAATAACAGAAC - 3’

AFLIII

V

RCI1B

3284396 bp

F 5’- ATCGATTTGGTGGCAGAAAC - 3’
R 5’- CAGCTCGTTACAGGCGCTAC - 3’

Col-0: 594, 50
Ler: 644

BclI

R 5’- CTTACTCCTGTTCTTGCTTAC - 3’
CAPS

Col-0: 1491, 129, 48
Ler: 1620, 48

R 5’- CAGTTAATGAAACAAGCTTTGTTC - 3’
CAPS

Col-0: 1000, 200
Ler: 1200

R 5’- CAAGTGACCTGAAGAGTATCG - 3’
CAPS

Col-0: 750, 650
Ler: 1400

R 5’- GTGTATACATGCGTGTCAGC - 3’
CAPS

Col-0: 707, 527
Ler: 1196

R 5’- CAGTGGATCTTTCCTCAGACG - 3’
CAPS

Col-0: 785, 340, 105
Ler: 785, 485

R 5’- AAGCTTCGAACTCAAGGTTC - 3’
CAPS

Col-0: 952, 420
Ler: 952, 220, 200

R 5’- TTATCACCATAACGTCTCCC - 3’
CAPS

Col-0: 1500

Col-0: 1042, 686
Ler: 686, 553, 489

MBOI

Col-0: 900, 350, 260, 150
Ler: 800, 350, 260, 150
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CAPS

V

PAT1

5956164 bp

F 5’- GTATGAGAACATAGTAACCCCATG - 3’

Sph I

R 5’- GTCGACGTGGTGCGGTGGGTTG - 3’
CAPS

V

NIT4

7377397 bp

F 5’- CAACTCCACATCCGTCGGCG - 3’

Ler: 1000, 900
MBOII

R 5’- CGTTTCTTGTTGCATGGACATGAGAG - 3’
CAPS

V

F13K20-T7

11021947 bp

F 5’- TTTGTGCAATTTATTAGGGTAG - 3’

V

PHYC.2

14007935 bp

F 5’- CTACAGAATCGTCCTCAACG - 3’

MSEI

V

DFR

17164364 bp

F 5’- AGATCCTGAGGTGAGTTTTTC - 3’

PSTI

V

LFY3

24843357 bp

F 5’- TAACTTATCGGGCTTCTGC - 3’

Col-0: 1700, etc.
Ler: 900, 800, etc.

BsaAI

R 5’- TGTTACATGGCTTCATACCA - 3’
CAPS

Col-0: ~260, etc.
Ler: ~180, etc.

R 5’- CCTAATGGAGAATCATTCGG - 3’
CAPS

Col-0: 1.9
Ler: six fragments

R 5’- ATTTGCAGAAGTTGAAGTTGGTC - 3’
CAPS

Col-0: 1000, 600, 300

Col-0: 609, 534
Ler: 609, 318, 216

Rsa I

R 5’- GACGGCGTCTAGAAGATTC - 3’

Col-0: 708, 236, 147,
126, 78
Ler: 855, 236, 126, 78
Col: 161
Ler: 146

SSLP

I

PS 1-2

1837561 bp

F 5’- CAGAGAGATCCGACGAGAGA - 3’
R 5’- GTACCACTTACCCGAACCAA - 3’

-

SSLP

I

PS 1-3

22109425 bp

F 5’- CCTTGGTTCATAAAATATC - 3’
R 5’- CAAAGTAACAAAACGACAT - 3’

-

Col: 207
Ler: 171

SSLP

II

PS 2-2

19364303 bp

F 5’- GGTATCGATTGAGCAAATAA - 3’
R 5’- ACATGCGTCTGCTTGGAG - 3’

-

Col-0: 153
Ler: 176

SSLP

V

JS 5-11

18727556 bp

F 5’ – ACGTTAGTCGTACGGTAGAG – 3’
R 5’ – TAATTTGCATCGATTTATTA – 3’

-

Col-0: 152
Ler: 195

SSLP

V

JS 5-12

22194517 bp

F 5’- AACTCACCGATGTAATAAG - 3’
R 5’- AATGTGATAATTCGTAAATA - 3’

-

Col-0: 157
Ler: 134
96

SSLP

V

JS 5-13

25791170 bp

F 5’- TTGGATCTGATATGTGATG - 3’
R 5’- TCGATAAATGCAAAAATAC - 3’

-

Col-0: 205
Ler: 168
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APPENDIX III
Table 1. List of SSLP markers tested on individual F2 DNA to calculate the recombination rate .

Markers near the mutation region (on Chr. V)

Marker

Name

Loci

SSLP

JS 1

7870181 bp

Primer Sequences

F 5’- AAACATTTATGCTGTAAAAC - 3’

Fragment
size
(bp)
Col-0: 180

R 5’- ACCCCCAATATTAGCAAG - 3’

Ler: 142
Col-0: 223
Ler: 164

Recombinant rate/
Sample size
13.85% / 186

SSLP

JS 2

4754057 bp

F 5’- GTAACGTATGCATGGTTTG - 3’
R 5’- AAGTTTTGGTTAGATTACAC - 3’

SSLP

JS 3

2476150 bp

F 5’- CTCTGTTGGGGCAAAACC - 3’
Col-0: 220
R 5’- GATGCTGGAGAGTAGCTTAG - 3’ Ler: 146

17.24% / 116

SSLP

JS 4

3142755 bp

F 5’- TCGAAGTAACTTACTTTCTA - 3’
R 5’- AATGTCGCAAAGACTTCC - 3’

11.01% / 118

Col-0: 179
Ler: 151

7.7% / 168
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APPENDIX IV
Quantitative PCR (qPCR) reaction conditions
Primers

Sequence
F 5’ – ATCGCACCTACCGAGATGAC – 3’
R 5’ – CGATGTAGACATTGCTGATTCG – 3’
F 5’ – TCATTCCGATAGTCGACCAAG – 3’
R 5’ – TTGATTTGCGAAATACCGAAC – 3’
F 5’ – CACCACTGGAGGTTTTGAGG – 3’
R 5’ – TGGAGTATTTGGGGGTGGT – 3’
qPCR Cycle

CAC
PDF2
EF1

Denaturation
Annealing

Step 1 - 95⁰ C, 5:00 minutes
Step 2 - 95⁰ C, 0:10 seconds
Step 3 - 60⁰ C, 0:15 seconds

Extension

Step 4 - 72⁰ C, 0:15 seconds
Go to step 2 and the number of cycles was 40

Melt-curve analysis

65⁰ C, 0:05 seconds
95⁰ C, 0:5 seconds
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